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ABSTRACT
Rapid and sensitive detection of viral infections is of significant importance for
improving patient care and containing outbreaks that threaten public health. Al-
though there has been an enormous effort to develop point-of-care biosensors for viral
diagnostics applications, sensitive, robust and easily portable platforms have yet to
be realized. This dissertation focuses on optimization of a multiplexed immunoassay
platform for viral diagnostics applications using a label-free optical biosensor termed
Single-Particle Interferometric Reflectance Imaging Sensor (SP-IRIS).
SP-IRIS utilizes an antibody microarray that captures the target viruses and an
optical instrument that allows visualization of individual captured virus particles.
Since this platform relies on capture of whole viruses, it is crucial to identify high-
affinity antibodies that are capable of recognizing intact virions. For this purpose,
we screened various antibodies for their performance on the SP-IRIS platform. By
screening 43 different antibodies for three different viruses, we demonstrated specific
and sensitive detection of different viruses and different subtypes of the same virus.
This work allowed us to assemble an antibody microarray capable of multiplexed
detection that has been tested in our laboratory as well as at two separate high-
vi
containment facilities.
Next, we adapted a different antibody immobilization technique, DNA-directed
antibody immobilization (DDI), to the SP-IRIS platform as a means to improve
the sensitivity and robustness of the assay. First, we characterized the elevation
of the antibodies conjugated to a DNA sequence on a three-dimensional polymeric
surface using a fluorescence axial localization technique, Spectral Self-Interference
Fluorescence Microscopy, determining the optimal length of the DNA linkers for
SP-IRIS substrates. We subsequently showed the specific detection of Vesicular
Stomatitis Virus (VSV) expressing Ebola glycoprotein on SP-IRIS platform using
the DDI approach. We showed that DNA-conjugated antibodies improve the capture
efficiency resulting in over a ten-fold improvement in assay sensitivity compared to
directly immobilized antibodies.
To demonstrate the feasibility of the DDI technique for multiplexed virus detec-
tion utilizing SP-IRIS, we used VSVs expressing Ebola, Marburg or Lassa surface
glycoproteins and successfully demonstrated specific and multiplexed detection using
a DNA microarray surface. We also combined this approach with a passive microflu-
idic cartridge, demonstrating the feasibility of SP-IRIS as a rapid testing technique
that is well suited for point-of-care applications.
vii
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1Chapter 1
Motivation and Background
1.1 The importance of rapid and sensitive virus diagnostics
Rapid and accurate diagnosis of viral infections is an important public health concern.
Although some viral infections can be diagnosed based on their characteristic symp-
toms (e.g. measles and chickenpox), in many cases the diagnosis requires collecting
blood or other types of body fluids or tissue swabs from the patient and testing in
a laboratory environment to determine the type of virus causing the infection. Cur-
rent laboratory techniques employed in clinical diagnosis of viral infections include
enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), or
virus isolation in cell culture followed by specific detection with immunofluorescence.
These tests often require sending samples to a central laboratory capable of per-
forming required tests. This process can take on the order of days, or weeks in the
case of virus isolation from cell culture, delaying the appropriate course of treat-
ment. This long testing procedure prevents the fast containment of the virus and
decreases the utility of treatment, yielding poor health outcomes. These diagnostic
shortcomings are particularly problematic in low-resource areas with limited access
to laboratory facilities and trained personnel. Rapid and accurate diagnosis helps
prevent the spread of viruses and facilitates the provision of treatment in a timely
manner. Therefore, it is critical to have a viral diagnosis technique that gives quick
answers on-site without the need for a laboratory environment and experienced per-
sonnel. Such a technique would greatly help limit the spread of the viral infections,
improve the patient care and decrease the cost and time of the diagnostic process.
21.2 Biosensors in virus diagnostics
Due to the long turnaround time associated with laboratory-based diagnostics and
an increase in the demand for rapid detection of pathogens for public health and
biodefense concerns, there has been considerable effort towards developing alternative
detection techniques that can meet high-throughput requirements in easy-to-use and
portable platforms (Pejcic et al., 2006; Kumar et al., 2013; Srinivasan and Tung,
2015). Emerging biosensors have great potential to replace current laboratory-based
diagnostic tools and provide rapid detection of pathogens in doctor’s office and in
the field (Malhotra and Chaubey, 2003; Sin et al., 2014). This is because biosensors
offer potential advantages over traditional diagnostic techniques such as ease of use,
sensitive detection in a short period of time, cost effectiveness and miniaturized
assay format. Miniaturization decreases the required sample and reagent volumes
and provide portability and multiplexing ability.
A biosensor is an analytical device composed of a biological sensing element in-
tegrated within a transducer system that can convert the biological interactions to a
measurable signal (Figure 1.1). Bio-recognition elements can be a variety of biologi-
cal materials such as antibodies, nucleic acids and enzymes. The specific interactions
of the analyte with the bio-recognition element induces a physiochemical change (e.g.
optical, electrochemical and mass changes) that is converted to an observable by the
transduction element through a variety of means that can be electrical, optical or
mechanical. The output signal is read by the user and analyzed for deducing infor-
mation on the biological interactions on the sensor surface. Researchers have applied
biosensors for a wide range of applications including diagnostics, proteomics research,
environmental monitoring and food industry. Depending on the specific application,
the mode of detection (nucleic acids, proteins, toxins etc.) and requirements for the
3biosensor can be different. In order to be useful for clinical use, a biosensor should
have comparable sensitivity to the established diagnostic techniques and provide
rapid and low-cost detection.
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Figure 1.1: Principle of biosensors and different mechanisms of detection and trans-
duction. A biosensor is composed of three elements: a bio-recognition element that
consists of biomolecules or cells, a transduction element that is capable of detecting
physiochemical changes caused by analyte capture and a user interface that allows
data acquisition and further processing.
For viral diagnostic applications, a biosensor can be used to determine the pres-
ence of an infection by detecting viral antigens, whole viruses, viral nucleic acids or
individual’s antibody response in biological samples. In solid-phase biosensors, cap-
ture agents against one of these analytes are immobilized on the sensor surface. One
approach is to use recombinant viral antigens immobilized on the sensor surface to
4detect the specific antibodies in the patient serum produced against the viral infec-
tion. For example, Kamata et al. (2014) developed a multiplexed protein microarray
platform displaying multiple viral antigens for detection of antibodies against differ-
ent species of two separate viruses. Alternatively, virus-specific antibodies capable
of recognizing viral antigens, or whole viruses can be immobilized on the sensor sur-
face. In a study performed by Huelseweh et al. (2006), 12 different pathogens were
detected by immobilizing their specific capture antibodies on a protein microarray
platform. A majority of existing biosensors use antibodies as capture agents and
perform antigen detection (Pejcic et al., 2006). This is most likely due to both the
easiness of this approach compared to antibody detection that would require produc-
tion of recombinant viral antigens as capture agents and earlier detection that can
be achieved by the use of antigen detection approach as shown by ELISA tests for
several viral infections (Ksiazek et al., 1999a; Bausch et al., 2000). Capture antibod-
ies can be immobilized on the biosensor surface using a variety of different surface
chemistries, which are discussed in Chapter 2 in detail.
Although biosensors are promising tools for diagnostic applications, sensitive,
specific and robust platforms that find widespread use in clinical settings have yet to
be introduced (D’Orazio, 2011). One of the important technical considerations that
affect biosensor performance is biomolecule immobilization on the bio-recognition el-
ement (Lazcka et al., 2007; Skottrup et al., 2008). The surface attachment chemistry
can affect the biological activity of the antibody, its affinity and the background noise
(Seurynck-Servoss et al., 2007b). These factors ultimately determine the sensitivity
of the biosensor. Moreover, issues such as non-uniform probe immobilization and
assay-to-assay variability can affect the assay sensitivity and reproducibility (Ro-
manov et al., 2014; Ellington et al., 2010). Development of a successful multiplexed
5assay also requires selection of ideal capture antibodies for each virus to be detected.
The ideal capture antibody should have high affinity and high specificity for its tar-
get protein. Therefore, a careful screening process is required to select high-affinity
probes with minimum cross reactivities. High-affinity probes improve detection sen-
sitivity and high specificity help achieve accurate detection of different viruses and
different strains of the same virus. Moreover, surface properties and their effect on
immobilized antibodies are extremely critical to characterize and optimize to be able
to develop a sensitive and robust biosensor. Thus, for all biosensors based on target
capture on a solid sensor surface, selection of high-affinity capture probes and effi-
cient immobilization of those on the surface while maintaining their target binding
ability are two general and crucial concerns.
This dissertation improves upon an existing biosensor developed by our lab by
focusing on capture probe selection and immobilization in order to develop a biosen-
sor capable of multiplexed, sensitive and robust detection of viral pathogens. First, I
identified high-affinity and high-specificity capture antibodies for different viruses to
generate a multiplexed viral detection platform. Then, I applied a different antibody
immobilization technique, DNA-directed antibody immobilization (DDI), to over-
come current antibody immobilization challenges and improve the sensitivity and
robustness of the assay. Next, I demonstrated assembly of a multiplexed antibody
array on a DNA microarray surface and its ability to perform specific and sensitive
detection of viruses. Finally, I showed rapid and sensitive detection of viruses in a
simple and contained platform as an example of application of our technology into
point-of-care diagnostics.
To develop a multiplexed biosensor platform for viral diagnostics applications, we
focus on Viral Hemorrhagic Fever (VHF) viruses, a group of viruses that can cause
6severe hemorrhagic fever in humans. Creating a biosensor capable of rapid detection
of VHF viruses is of great importance since these viruses cause a variety of deadly
diseases that cannot be identified easily by their clinical symptoms, and therefore,
pose a serious risk for public health. The rest of this chapter provides background on
VHFs and limitations of current VHF diagnostics, introduces the optical biosensor
developed by our lab as a viable approach for detection of these viruses, and gives
an overview of this dissertation.
1.3 Viral hemorrhagic fevers
Viral hemorrhagic fevers (VHFs) are severe, life-threatening diseases caused by RNA
viruses belonging to four different families: Arenaviridae, Filoviridae, Bunyaviridae
and Flaviviridae (Centers for Disease Control and Prevention, 2013b). VHFs are
important to diagnose quickly due to high mortality rates associated with these
infections. Moreover, there is a concern that VHF viruses can be used as biological
weapons and hence they are listed as Category A agents by Center for Disease Control
and Prevention (Centers for Disease Control and Prevention, 2013a).
Ebolavirus belongs to Filoviridae family which has two identified members that
cause viral hemorrhagic fever in humans and non-human primates with high mortal-
ity rates (up to 90%): ebolavirus and marburgvirus. Outbreaks of both ebolavirus
and marburgvirus occur sporadically in Africa, however, the infection can spread
globally due to infected individuals traveling between countries. The most recent
Ebola outbreak in West Africa has been the largest Ebola epidemic in history, in-
fecting more than 27,000 people and leading to over 11,000 deaths (as of June 30,
2015, Center for Disease Control and Prevention).
Lassa virus, belonging to Arenaviridae family, is endemic in West Africa. Lassa
7virus infections causes about 100,000 - 300,000 cases every year with 5,000 deaths
in the region (Centers for Disease Control and Prevention, 2015a). Although the
overall fatality rate is 1%-2% (McCormick et al., 1987), this rate increases to 15%
for the hospitalized patients with severe Lassa fever (World Health Organization,
2015). Occasionally, Lassa virus can be associated with epidemics which can cause
a fatality rate up to 50% (Centers for Disease Control and Prevention, 2015b).
The initial symptoms of VHFs are non-specific and they are similar among various
VHF infections as well as other diseases commonly seen in Africa such as malaria.
Some of the early symptoms include muscle aches, fatigue and fever. Moreover,
geographical locations where these infections occur overlap. Thus, a quick differential
diagnosis is crucial to exclude other possible infections and differentiate between
different types of VHF viruses. Early and accurate identification of the viral infection
would help contain outbreaks and improve the utility of possible treatments, leading
to better health outcomes.
1.4 Limitations of current VHF diagnostics
Currently used laboratory techniques for VHF diagnostics include Enzyme Linked
Immunosorbent Assays (ELISAs), Polymerase Chain Reaction (PCR) or virus isola-
tion from cultures (Bausch et al., 2000; Drosten et al., 2002; Grolla et al., 2005; Wang
et al., 2011). ELISAs are based on the detection of either the antibodies produced
by the body’s immune system against the virus or the antigens specific to the virus.
PCR specifically amplifies and detects regions of the viral genome. Although ELISA
and PCR tests provide sensitive detection of viruses, they are difficult to adapt to
outbreak settings in low-resource areas due to the laborious and time-consuming na-
ture of these tests (World Health Organization, 2014). In this section, we review the
8currently employed laboratory-based techniques and lateral-flow based rapid tests
for VHF diagnostics.
1.4.1 Enzyme-linked immunosorbent assay (ELISA)
ELISA is a commonly used laboratory technique for detecting viral infections from
serum samples. It is carried out using one of two processes, Direct (IgG or IgM)
ELISA and antigen ELISA. In direct ELISA, diluted serum sample is added to a
microtiter plate coated with virus specific antigens. Antibodies produced by the
host’s immune response against the viral antigens bind to the antigen in the plate.
A detection antibody, an enzyme-linked anti-IgG, is then reacted with this complex.
Next, the substrate specific for the enzyme is added to the plate to yield a signal in
the form of a change in color or fluorescence. In antigen ELISA, which is also referred
to as sandwich ELISA, the viral antigens in the patient sample are captured on an
antibody immobilized microtiter plate. This antigen-antibody complex is detected
by another antibody that is specific for a different epitope on the viral antigen.
The resulting antibody-antigen sandwich is then detected by using an enzyme-linked
secondary antibody. We illustrate direct and antigen ELISA in Figure 1.2.
Both antigen ELISA and specific IgG/IgM ELISA approaches have been used to
detect ebolavirus, marburgvirus and Lassa virus infections (Ksiazek et al., 1999a,b;
Leroy et al., 2000; Niikura et al., 2001; Saijo et al., 2001; Lucht et al., 2003, 2004; Saijo
et al., 2005; Nakayama et al., 2010; Saijo et al., 2007; Bausch et al., 2000; Ksiazek
et al., 1992). For filoviruses (ebolavirus and marburgvirus), although virus-specific
antibody detection can be useful for confirmation of diagnosis and serological studies,
it cannot be relied upon for diagnosis due to weak humoral response of the infected
patients (Baize et al., 1999; Grolla et al., 2005). Moreover, IgG molecules produced
9by the host immune’s response can show reactivity against antigens from multiple
filovirus species in an ELISA test, making a definitive diagnosis difficult (Nakayama
et al., 2010). Antigen ELISA has been shown to be more reliable than IgG or IgM
ELISA for diagnostics of ebolavirus (Ksiazek et al., 1999a). Lucht et al. (2004) also
demonstrated a sensitive antigen capture ELISA to detect envelope glycoprotein
(GP) of Ebola virus in spiked human sera with a sensitivity of 103 PFU/ml. In
a study undertaken by Bausch et al. (2000) antigen ELISA was found to be more
sensitive than the IgG and IgM ELISA at the early stages of the disease for detection
of Lassa infection from the sera of suspected patients from West Africa.
a) Direct IgG or IgM ELISA 
Product Substrate 
b) Antigen ELISA 
Product Substrate 
a) Direct Ig or IgM ELISA b) Antigen ELISA
Figure 1.2: Types of ELISA procedures. (a) Direct IgG or IgM ELISA: The anti-
gens are immobilized on a solid support. Capture antibodies bind to the antigen
specifically and this complex is detected with an enzyme-linked secondary antibody.
In the amplification step, a substrate that is specific for the enzyme is added and the
product formation causes a colorimetric change. (b) Antigen ELISA: The antigens
in a sample are captured on antibody immobilized surface and another antibody ca-
pable of recognizing a different epitope in the same antigen is added. The resulting
complex is then detected with the use of an enzyme-labeled secondary antibody.
Although ELISA can provide sensitive detection of viruses, it has a number draw-
backs preventing its utility in the field. The assay is complicated due to multi-step
protocol (addition of detection antibodies, secondary antibodies, substrates etc).
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Moreover, it uses temperature-sensitive reagents such as secondary antibodies and
enzymes, and hence requires refrigeration of its materials. Therefore, ELISA requires
trained personnel and specialized equipment to be performed accurately, making it
difficult to adapt to field settings. Furthermore, ELISA has limited multiplexing
capability and is not able to provide quantitative results unless a set of samples of
known concentration are run in parallel.
1.4.2 Polymerase chain reaction (PCR)
PCR is based on amplification of the specific regions in the viral genome and can pro-
vide a sensitive and quantitative way of virus detection. The first step in viral nucleic
acid detection is extraction of viral genome. Both Filoviruses (ebolavirus and mar-
burgvirus) and Arenaviruses (e.g. Lassa virus) are negative-sense RNA viruses and
therefore, require purification of viral RNA and conversion of RNA to complementary
DNA (cDNA) by the enzyme reverse transcriptase. Following cDNA synthesis, spe-
cific sequences in the cDNA are amplified using specific primers and DNA polymerase
enzyme. This type of PCR reaction is referred to as reverse-transcription PCR (RT-
PCR). RT-PCR requires a thermocycler instrument, primer sets specific for certain
regions in the viral genome, nucleotides, a reverse-transcriptase and a DNA poly-
merase enzyme. RT-PCR has been shown to provide sensitive and specific detection
of ebolavirus, marburgvirus and Lassa virus (Leroy et al., 2000; Towner et al., 2004;
Sanchez et al., 1999; Drosten et al., 2002; O¨lschla¨ger et al., 2010). Drosten et al.
(2002) showed real-time RT-PCR for detection of six different VHF viruses in two
Light-Cycler runs. However, the completion of this multiplexed test took about 6
hours. Moreover, it has a complex assay protocol consisting of RNA purification step
and preparation of six different PCR reactions each of which requires a different set
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of primers. Sample preparation step also increases the risk of exposure of the health
workers to the deadly viruses. Another limitation of PCR-based tests is the risk of
obtaining false positives and false negatives (Towner et al., 2004). False positives can
result from contamination of the samples with amplification products from positive
samples. False negatives can occur due to genetic mutations in the viral genome.
Accumulation of mutations occurs faster in RNA viruses compared to DNA viruses
due to lack of proofreading capability of RNA polymerase. Therefore, sequencing
of related genes in the novel strains and design of new primers for these regions are
necessary for accurate detection of mutant viruses.
Recently, several different rapid PCR kits have been developed for point-of-care
use. One such kit, RealStar Filovirus Screen RT-PCR Kit, developed by Altona
Diagnostics, is designed to detect all filovirus species. Although this kit performs
reverse transcription, PCR amplification and detection of PCR amplicons by fluo-
rescently labeleled probes in a single assay tube, the starting material for the kit is
the RNA extracted from the patient sample. Therefore, this kit still requires RNA
extraction step which adds complexity to the assay. Moreover, the kit components
should be kept at −20°C upon arrival to the field laboratory which both adds the
need for a freezer and the risk of degradation of the kit ingredients.
Another PCR system has recently been introduced by BioFire Defense, called
The FilmArray, which integrates all PCR steps, including the RNA extraction step,
into an automated series of reactions in one complete process (Leski et al., 2015).
All necessary reagents are stored in the compartments of FilmArray reagent pouch
in a freeze-dried format. The user injects the hydration solution and the sample
combined with the sample buffer into the pouch and the pouch is inserted into the
FilmArray instrument. This system uses a two-step nested PCR technique: In the
12
first large volume PCR, a mixture of primers specific for different viruses performs the
amplification. This step is followed by a second PCR step where the primers specific
for one type of virus amplifies the PCR products from the first reaction in individual
reaction wells. The PCR products are then detected by a fluorescent dye, the results
are analyzed automatically and delivered in a report. The process is completed in
an hour. The FilmArray system is easy-to-use due to minimal sample preparation
and short hands-on time. However, each 1 hour reaction can only accommodate one
patient sample, hence multiple instruments are needed for parallel testing of patient
samples. This would increase the cost of the tests greatly and also bring the difficulty
of transporting multiple instruments to the outbreak area.
1.4.3 Virus isolation in cell culture
Virus isolation is performed in biosafety level 4 (BSL-4) laboratories by infecting the
cell culture (usually Vero E6 cells) with blood or serum samples from the patients.
The cell culture takes 1-2 weeks depending on the infectivity of the sample. The
cells are then scraped and a suspension of these cells are dried and fixed onto slides.
The slides are reacted with virus-specific antibodies followed by incubation with
a fluorescently-labeled anti-IgG. The reading of the slides are performed using a
fluorescence microscopy. Virus isolation provides the most definitive diagnosis and
therefore used as the ”gold standard” when attempting to determine sensitivity and
specificity of other diagnostics techniques (Leroy et al., 2000; Bausch et al., 2000).
However, the requirement for BSL-4 facilities and long testing procedure makes this
technique impractical for use in point-of-care diagnostics.
13
1.4.4 Immunochromatographic (Lateral-flow based) tests
Immunochromatographic tests, also referred to as lateral-flow assays (LFAs), are
based on detection of viral antigens from a sample in a strip test format. The sam-
ple is applied to the adsorbent pad on the test and it starts to migrate along the
pad to the reagent pad where gold-nanoparticle labeled antibodies are immobilized.
Any viral antigens present in the sample bind specifically to these capture anti-
bodies. Formed antigen-antibody complexes continue to migrate along the pad and
are captured by the antibodies immobilized in the test line. Accumulation of gold
nanoparticles in the test line results in a color change. Another control line ensures
that the test result is valid by capturing the gold-nanoparticle labeled antibodies
with a different antibody (anti-IgG) and yielding a color change.
Recently, an immunochormatographic test has been developed by Corgenix for
Ebola virus detection. This test is based on the detection of viral antigens, specif-
ically VP40 antigen, from blood or serum using gold-labeled anti-VP40 antibodies
for capture. Although, this test is easy-to-use and capable of providing quick results
(∼15 minutes), it suffers from limited sensitivity and specificity. Reported false neg-
ative and false positive rates for this test are 8% and 15%, respectively. Therefore,
positive samples need to be further confirmed with a PCR or ELISA test.
Table 1.1 summarizes the diagnostic approaches mentioned so for as well as the
properties of a good diagnostic technique. An ideal diagnostic technique would pro-
vide rapid, easy, sensitive, specific and cheap detection of VHF viruses. Such a
technique would have important implications for patient care and outbreak manage-
ment.
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Technique Target Advantages Disadvantages
Approach for a
better technique
RT-PCR
viral
nucleic
acids
sensitive
requires
specialized
equipment and
personnel
simpler protocol
(no RNA
extraction etc.)
Antigen
ELISA
viral
antigens
sensitive
requires
specialized
equipment and
personnel
simpler protocol
(removing use of
secondary
antibodies etc.)
IgG/IgM
ELISA
virus-
specific
antibodies
provides
confirmatory
diagnosis and
serological
information
low antibody
titers at early
stages of
infection
simpler
protocol,
antigen-based
detection for
early diagnosis
Virus
isolation
viral
antigens
definitive
requires BSL-4
and takes 1-2
weeks
no need for
BSL-4, rapid
detection (∼30
minutes)
Lateral-
flow based
tests
viral
antigens
rapid and
low-cost
low specificity
and sensitivity
highly specific
and sensitive
Table 1.1: Summary of current VHF diagnostic procedures. Last column describes
how the disadvantages of a given technique should be addressed in an ideal diagnostic
technique.
1.5 Choosing biosensor type for VHF diagnostics
Point-of-care (POC) virus diagnostics require sensitive, highly multiplexed, rapid,
low-cost, closed and portable systems. In dangerous outbreak situations such as VHF
outbreaks, it is especially important for a POC device to operate in a closed envi-
ronment to minimize the exposure of healthcare workers to possibly contaminated
samples. This would require the biosensor transduction mechanism to be compatible
with microfluidic systems to allow in-liquid detection of binding events. Biosen-
sors can be categorized into three groups depending on the transduction mechanism:
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Electrical, mechanical and optical biosensors. Electrical transduction mechanisms
can monitor conductance, amperometric or potentiometric changes occurring on an
electrode surface due to analyte binding. Many amperometric techniques involve use
of an enzyme label for improving the sensitivity (Pejcic et al., 2006), therefore, have
the same drawbacks as other label-based techniques. Potentiometric approaches
can probe pH, redox potential or ionic concentration changes that occurs upon a
bio-recognition event. However, these measurements represent an indirect approach
for analyte detection, and therefore, generally require a secondary reaction with an
enzyme to produce charged products (Pejcic et al., 2006). Conductance-based mea-
surements also present challenges for clinical applications since they are sensitive to
ion concentration of the solution which affects the detection sensitivity in high ion
concentrations of physiological solutions (Yurt et al., 2012). Mechanical techniques
typically require vacuum conditions for high sensitivity. In liquid environments, they
suffer from viscous damping of the liquid, resulting in a poor quality factor (Hwang
et al., 2009; Davila et al., 2007). Therefore, most mechanical sensors utilize dry
measurements which require washing and drying of the substrate after in-liquid in-
cubation. This complicates the assay procedure and hampers the integration of the
biosensor into microfluidic systems. Moreover, mechanical sensors such as Quartz
Crystal Microbalance (QCM) sensor, do not have the sensitivities to detect individ-
ual virus particles and an ensemble of antigens must be captured on the surface to
yield a detectable frequency change (Hwang et al., 2009).
Optical biosensors have attracted interest in pathogen detection due to the their
sensitivity (Lazcka et al., 2007). These sensors can be broadly divided into two
categories as label-based and label-free biosensors. Label-based detection uses fluo-
rescence or chemiluminescence to detect the presence of the analyte of interest. In
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direct labeling approach, typically the detection antibodies are labeled with a flu-
orophore. Alternatively, secondary antibodies are frequently used to achieve signal
amplification through use of an enzyme that can generate a color change as in ELISA
based assays. Although providing excellent sensitivity, use of labels can introduce
a number of complications such as increased assay cost and time. Moreover, direct
labeling of the detection antibodies requires alteration of the molecules which can
change their interaction with the analyte and also involves finding an appropriate
antibody that will recognize a different epitope on the same antigen. Label-free de-
tection removes the necessity for antibody labeling and use of secondary antibodies
for signal amplification, reducing the assay complexity, cost and time. One major
limitation presented by label-free detection is the inferior selectivity compared to
label-based approaches. This is due to the use of a single capture antibody for the
target detection instead of a sandwich assay format. This limitation can be overcome
by implementing detection methods that allow orthogonal verification such as sizing
capability, and hence reduce background noise.
Surface Plasmon Resonance (SPR) is the most popular label-free optical biosensor
with a wide range of applications in proteomics and biomedical research (Nguyen
et al., 2015). Operating principle is based on detection of local refractive index
changes in the vicinity of a metallic layer surface. Briefly, a polarized light at varying
angles of incidence is used to excite the surface plasmon waves on the surface of the
metallic layer and the reflected light from the substrate is obtained on a detector as
a function of the angle of incidence. Reflected light shows a characteristic decrease
due to resonant energy transfer from the incoming light to the surface plasmons.
The angle at which the resonance occurs depends on the local refractive index in the
vicinity of the gold surface. Therefore, local refractive index changes on the surface
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of the gold substrate, which are caused by binding of molecules to the substrate, give
rise to resonance angle shifts monitored by reflected light intensity measurements.
Applications of SPR include dynamic monitoring of molecular interactions for kinetic
measurements and affinity determinations. SPR was also applied for detection of
antibodies against hepatitis A virus in human serum with a comparable sensitivity
to ELISA (Gomara et al., 2000). Although SPR is a relatively simple technique due
to the label-free nature of the detection, it consists of expensive components such as
a laser source and gold substrate, increasing the cost of the assay. Moreover, SPR
measurements suffer from strong temperature dependance, which can be problematic
in a portable biosensor system (Srinivasan and Tung, 2015).
1.6 A viable approach: A microarray-based label-free optical biosensor
Biosensors can achieve high-throughput detection through the use of protein mi-
croarray technology. Following success of DNA microarrays in genomic research,
researchers put enormous effort to utilize this technology for high-throughput anal-
ysis of protein-protein interactions and antibody-based disease diagnostics. Their
application into diagnostics through the use of antibody microarrays have significant
advantages over the conventional laboratory techniques. The ability to miniaturize
the assay platform reduces the reagent volumes and makes the highly parallel de-
tection possible through immobilization of hundreds of different capture agents on a
single chip. This miniaturization reduces the complexity and cost of the assay greatly
while allowing simultaneous detection of multiple targets. Combination of microar-
ray technology with microfluidics further allows realization of fully integrated, highly
sensitive, compact and portable systems for on-site detection. Therefore, microarray-
based optical biosensors can provide an ideal platform for disease diagnostics if they
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are integrated into simple detection platforms that are cost-effective and easy-to-use.
Single-Particle Interferometric Reflectance Imaging Sensor (SP-IRIS), developed
by our group, is a label-free optical biosensor capable of imaging single particles
captured by immobilized surface probes in a multiplexed microarray format (Daaboul
et al., 2010, 2012; Yurt et al., 2012). The ability to detect and size small dielectric
particles (> 60 nm) makes IRIS an ideal platform for the development of rapid viral
diagnostic assays. This technology allows visualization of viruses without the need
for secondary signal enhancing labels, thus reducing the assay cost and complexity.
Moreover, a high level of specificity is achieved by nanoparticle sizing capability which
provides an orthogonal verification and reduces background noise. SP-IRIS has been
demonstrated to detect whole viruses from complex samples on antibody arrayed
substrates (silicon/silicon dioxide) in both dry and solution environment through
integration into microfluidic cartridges (Daaboul et al., 2012, 2014; Scherr et al., nd).
Highly-multiplexed and sensitive detection ability, in combination with microfluidics
compatibility, have made SP-IRIS a viable approach for a fully integrated rapid virus
detection platform suitable for POC applications.
Although SP-IRIS is a suitable platform for field-deployable viral diagnostics, its
sensitivity and repeatability is affected by challenges common to all antibody-based
microarrays such as biological activities of the immobilized antibodies, affinity and
specificity of the capture antibodies, variability between microarray spotting batches
and non-uniform spot morphologies. Addressing these problems is critical for devel-
opment of sensitive and robust multiplexed microarray platforms utilizing SP-IRIS.
This dissertation focuses on the enhancement of current SP-IRIS platform by expand-
ing upon its current capabilities and applying a different antibody immobilization
technique which promises to overcome current challenges.
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1.7 Overview of the dissertation
In this dissertation, we present the development of a multiplexed assay for VHF di-
agnostics for ebolavirus, marburgvirus and lassa virus detection as well as differenti-
ation of ebolavirus subtypes. We also investigate a different antibody immobilization
technique, DNA-directed antibody immobilization (DDI), to improve the sensitivity
and robustness of the current SP-IRIS platform.
Chapter 2 presents the optical sensing and characterization methods and the
data analysis techniques utilized in this dissertation. The Interferometric Reflectance
Imaging Sensor (IRIS) for both biomass quantification and single-particle detection
and a fluorescence axial localization technique, the spectral self-interference fluores-
cence microscopy (SSFM) are described in detail. We characterize and optimize
antibody printing for the application of SP-IRIS to virus detection assays and iden-
tify quality control parameters for this application. We further discuss the potential
problems that affect the sensitivity and robustness of the SP-IRIS platform such as
surface chemistry and microarray spot morphology.
Chapter 3 focuses on the antibody selection work for ebolavirus, marburgvirus,
Lassa virus and subtypes of ebolavirus: Sudan ebolavirus, Bundibugyo ebolavirus,
Ta¨ı Forest ebolavirus and Reston ebolavirus. We screen 43 antibodies for their per-
formance on the SP-IRIS platform and determine the antibodies that can recognize
the whole viruses with high specificity and sensitivity. We further utilize SP-IRIS
to deduce information about the epitopes of the various antibodies on the target
glycoprotein and provide a basis for understanding their mechanism of action and
their efficacy in the therapeutic cocktails.
Chapter 4 presents DNA directed antibody immobilization to improve upon the
current protein-based SP-IRIS assays. We characterize and optimize the elevation of
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the antibodies tethered to the surface via DNA linkers. We also compare the capture
efficiencies of DNA-conjugated and directly attached antibodies in virus detection ex-
periments using Ebola-pseudotyped Vesicular Stomatitis Virus (VSV) and determine
the assay sensitivity for both techniques. We demonstrate that application of DNA
microarrays to virus diagnostics through the use of antibody-DNA conjugates offer
solutions to some of the current antibody microarray challenges.
Chapter 5 expands the application of DDI technique to multiplexed virus detec-
tion (Ebola-, Marburg-, and Lassa- pseudotyped VSVs) on a DNA spotted sensor sur-
face functionalized with DNA-linked antibodies through DNA-DNA hybridization.
We further present a homogeneous detection approach where the DNA-conjugated
antibodies are mixed with virus in solution-phase and combine this method with a
lateral-flow cartridge as an example of application of SP-IRIS to rapid virus diag-
nostics.
Chapter 6 concludes the dissertation and presents the future work.
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Chapter 2
Optical interference techniques for sensing and surface characterization
In this chapter, we describe the optical techniques used throughout this disserta-
tion as well as the microarray fabrication process for these techniques. First, we
present the low optical magnification modality of IRIS that is used for quantification
of biomass accumulation on the sensor surface. Next, we describe the single particle
detection modality of IRIS, SP-IRIS, that is used for imaging and sizing individual
nanoparticles specifically bound to the sensor surface. We give an overview of de-
tection principle, image analysis and data processing. We also present the quality
control methodologies used for antibody microarray production for SP-IRIS platform.
Finally, we describe spectral self-interference fluorescence microscopy (SSFM), a flu-
orescence axial localization technique that is used for surface characterization and
optimization studies.
2.1 Interferometric reflectance imaging sensor (IRIS)
Interferometric techniques have been widely used in the biosensing field as a way of
measuring the optical path length differences (OPDs) that result from accumulation
of biological molecules on the layered substrates. One such technique is the biolayer
interferometry (BLI), developed by Fortebio, that consists of a glass fiber and a white
light source in a “dip and read” sensor format (Abdiche et al., 2008). This label-free
platform can provide dynamic detection of biomolecular interactions that occurs at
the tip of an optical fiber where the bio-recognition molecules are immobilized. The
detection depends on the measurements of the characteristic interference pattern of
the reflected light from the top of the biomolecule layer which in turn depends on
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the binding events on the sensor surface.
Interferometric reflectance imaging sensor (IRIS), developed by our lab, is a label-
free biosensor that can detect bimolecular interactions on a silicon/silicon dioxide
(Si/SiO2) substrate in a high-throughput microarray format with comparable sen-
sitivity to SPR, the leading label-free detection technology (Ozkumur et al., 2008).
IRIS has been shown to be a versatile platform for monitoring antibody-antigen inter-
actions (with applications into cytokine and multiplexed virus detection), DNA-DNA
hybridization, DNA single nucleotide polymorphisms and DNA-protein interactions
(Ozkumur et al., 2008; Daaboul et al., 2011; Ahn et al., 2012, 2013; O¨zkumur et al.,
2010; Lopez et al., 2011).
2.1.1 Detection principle
Detection principle of IRIS is based on the analysis of the interference signature
of the reflected light from a layered substrate yielding the optical thickness of a
transparent film. The layered substrate is composed of a silicon wafer with a top
layer of thermally grown silicon dioxide that is functionalized with biomolecules.
Biomass accumulation on the oxide surface changes the OPD and can be considered
as part of the transparent film on the Si surface. The magnitude of the reflected
light at a given wavelength depends on the OPD between the top of the transparent
film and the buried Si/SiO2 interface. The thicker the transparent film is, the higher
the optical path length difference is. Therefore, any binding to the surface increases
the OPD that shows itself as a characteristic shift in the spectral reflectivity curve
and also as a change in the intensity of the reflected light at a specific wavelength
(Figure 2.1). The reflection coefficient of an oxide layer can be approximated as:
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(2.1)
where r1 and r2 are the Fresnel reflection coefficients of the air - SiO2 and Si - SiO2
interfaces, respectively, and can be calculated by
r1 =
nox − n1
nox + n1
(2.2)
and
r2 =
nsi − nox
nsi + nox
(2.3)
where n1, nox and nsi are the refractive indices of air, SiO2, and Si, respectively.
The optical phase difference between the two reflected rays (from air - SiO2 and
Si - SiO2 interfaces), indicated by φ in Equation 2.1, is given by
φ =
2pi d
λ
nox cos θ (2.4)
where d is the transparent film thickness (SiO2 plus any biofilm layer), λ is the
wavelength of the incident light, and θ is the angle of incidence.
Equation 2.1 is used to calculate the OPD from the spectral reflectivity data
recorded by the camera for each pixel in the image. This OPD is then used to
calculate the thickness of the transparent film assuming a constant refractive index
of 1.45 for the biofilm layer and SiO2. The calculated thickness does not reflect
the actual thickness of the transparent film because the biofilm layer may have a
different refractive index, however, the measured thickness is proportional the the
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mass density of the bio-layer on the surface. Quantification experiments performed
by depositing known amount of protein and DNA molecules on the surface and
measuring the IRIS signal yielded conversion factors of 1 nm = 1.2 ng/mm2 and 1
nm = 0.8 ng/mm2 for IgG and DNA molecules, respectively (Ozkumur et al., 2009).
Figure 2.1: Detection principle of IRIS. (a) Optical set-up showing the Si/SiO2 sub-
strate, illumination of the surface and the reflected light from the surface for different
conditions: polymeric coating used for biomolecule immobilization, immobilized an-
tibody on the polymeric coating and binding of a secondary antibody through specific
molecular interactions. Each of these cases give rise to a characteristic reflectivity
vs. wavelength curve which is generated from four intensity values obtained at four
wavelengths. Optical path length differences are then calculated from this reflectivity
curve to obtain the transparent film thickness that consists of SiO2 and any surface-
bound molecules. (b) The representative reflectivity curve shows the shifts due to
5 nm step increases in the film thickness: 500, 505 and 510 nm. (b) is reproduced
from (Daaboul et al., 2011).
The first generation of IRIS developed in our lab used a tunable laser source
and a complicated optical set-up to illuminate the surface. This set-up, which was
bulky and expensive, was later replaced with a simpler and cheaper light emitting
diode (LED) based set-up that uses four different wavelength LEDs to sample the
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reflectivity curve at discrete wavelengths (Daaboul et al., 2011). In LED-based IRIS,
four different wavelength LEDs with peak emission wavelengths of 455 nm, 518 nm,
598 nm, and 635 nm illuminate the substrate sequentially and the reflected light
intensities are recorded by a CCD as an intensity image. Images are collected by
averaging 50 images for each wavelength to improve the signal-to-noise ratio.
2.1.2 Image analysis and data processing
Recorded data from the IRIS set-up is a three-dimensional array consisting of pixels of
the charged coupled device (CCD) camera, illumination wavelength and the reflected
light intensity. The intensity values at each wavelength are normalized and fitted to
a reflectivity curve for each pixel using Equation 2.1 from which the thickness of the
transparent film is obtained. The thickness values for each pixel are then mapped
to a grayscale image (Figure 2.2). Each image is analyzed by using custom Matlab
software where the optical height of each spot is calculated by subtracting the average
thickness of a circular area around the spot (background) from the average thickness
of a circular region drawn in the spot covering 80% of the spot. The spot heights
are converted to biomass densities using the conversion factor of 1.2 ng/mm2/nm for
IgG molecules and 0.8 ng/mm2/nm for DNA molecules.
2.2 Single-particle IRIS for nanoparticle detection
SP-IRIS is a simple, label-free biosensor developed by our group that can individually
count and size the nanoparticles bound to capture probes on the sensor surface over
a large sensor area (Daaboul et al., 2010; Yurt et al., 2012; Daaboul et al., 2012).
SP-IRIS is a versatile platform that allows for a large range of nanoparticle detection
including both natural nanoparticles (such as viruses) and synthetic nanoparticles
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Figure 2.2: (a) IRIS image of an antibody spotted chip after fitting to obtain the
film thicknesses across the chip. Gray scale image represents an optical thickness for
each pixel in the image with brighter regions having larger film thickness. (b) Zoomed
image of a single antibody spot in the array showing the spot height calculation.
The spot height is calculated by subtracting the mean of the background (the area
indicated by the two red lines) from the mean of the circular area inside the spot
as shown with the green circle. Any bright region in the spot that would cause an
error in the spot height calculation is filtered through an intensity filter. (c) Film
thickness profile along a line drawn across three spots.
in a highly-multiplexed microarray format. SP-IRIS has been shown to perform
sensitive and multiplexed detection of whole viruses from serum and blood samples
without the need for labeling and sample preparation (Daaboul et al., 2012, 2014).
The limit of detection (LOD) reported for Ebola virus (Zaire ebolavirus, EBOV)
glycoprotein pseudotyped vesicular stomatitis virus (VSV) detection from serum and
blood was 5× 103 PFU/ml (Daaboul et al., 2014). A similar level of sensitivity was
also reached for Marburg glycoprotein pseudotyped VSV detection in the same study.
The ability of SP-IRIS to detect individual particles makes it compatible with
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low concentrations of analytes below the detection limit typical of ensemble-based
methods where the total signal generated by multiple binding events needs to reach
a certain level to generate a detectable signal. The combination of the multiplexing
capability of SP-IRIS with the single particle detection ability makes this platform
attractive for both clinical and research applications.
2.2.1 Detection principle
Imaging biological entities such as viruses is a difficult task due to the their small
size and low contrast. The interaction of a small particle with light can be modeled
as an induced dipole. The strength of an induced dipole is proportional to the
polarizability of the particle which can be expressed as
α = 4pi0R
3 p − m
p + 2m
,
where R is the particle radius and p and m are the particle and surrounding medium
permittivity, respectively (Bohren and Huffman, 2008). The detection techniques
that are based on the scattered intensity produce a signal proportional to the |Es|2
which scales with |α|2 which is proportional to R6. Thus, the signal obtained at the
detector vanishes for small particles, limiting the sensitivity for small particles.
On the other hand, interferometric imaging techniques use a strong reference
beam which is mixed with the weak scattered fields from the particle and the intensity
recorded at the detector is given by:
I ∝ |Es + Er|2 = |Es|2 + |Er|2 + 2Re (ErEs) , (2.5)
For small particles, the first term in Equation 2.5 is negligible since it is very small
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compared to the other two terms representing the reference field and the interference
of the reference and scattered fields. Upon subtraction of the reference field, the
signal obtained at the detector is multiplication of the reference and scattered fields
and it is proportional to R3. Therefore, interferometric detection mode allows a
higher dynamic range of detectable sizes as well as improved sensitivity to small
particles.
SP-IRIS utilizes a layered substrate, a silicon chip with a thin top layer of ther-
mally grown oxide, that allows a common optical path by both the reference and
scattered beams. The thickness of the oxide layer was adjusted to optimize the
interference of the particle scattered field with the reference field. Because of the
common path configuration, the reference and scattered beams undergo the same
phase changes and the interference signature of the reflected light stays stable, al-
lowing accurate sizing of the nanoparticles. SP-IRIS set-up is composed of a single
wavelength LED (525 nm) for illumination of the substrate and a high numerical
aperture (NA), high-magnification objective (50×, 0.8 NA) to obtain a high spatial
resolution image, and a CCD camera (Figure 2.3).
For detecting biological agents such as viruses, an array of high affinity capture
probes is generated on the surface that can selectively bind to the target virus. When
virus particles bind to the surface, scattered light from the particles interfere with
the reference beam reflecting from the layered substrate, allowing an enhanced signal
from the particle that is detected on the CCD camera. Captured particles appear
as bright dots on the resulting image (Figure 2.4). SP-IRIS is capable of imaging
nanoparticles over a larger sensor area, effectively yielding 105 - 106 parallel sensing
elements.
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Figure 2.3: (a) Experimental set-up of SP-IRIS. (b) Layered substrate illustrating
the reference and scattered beams. (c) Image of an SP-IRIS chip.
2.2.2 Image analysis and data processing
SP-IRIS takes an image of each spot individually in a microarray. The images are
then analyzed for bound virus particles for each spot. SP-IRIS image analysis is
performed using custom software that identifies particle-associated intensity peaks
in a given image and applies a Gaussian filter to eliminate noise from the back-
ground. The noise is either caused by the morphological features of the antibody
spots or non-specific binding to the surface. The morphological features cause a low
correlation with a Gaussian-type intensity profile and therefore they can be easily
subtracted from the image by adjusting the contrast and Gaussian filter parameters.
For counting the virus particles in a spot, a rectangular area is drawn inside the
spot and the diffraction-limited particles with appropriate contrast (hence the size)
range expected for the virus of interest are found in this area and marked with red
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circles (Figure 2.5a). Background normalized intensities of the dots detected on the
camera are correlated to particle size via a forward-model (Figure 2.5b) (Daaboul
et al., 2010). The resulting histogram of detected particle sizes can be filtered based
on the expected analyte size to eliminate noise from nonspecific adsorption. The net
particle densities are calculated by subtracting pre-incubation particle counts from
the post-incubation particle counts and dividing this by the analyzed spot area to
express the signal as particle density (number of particles per mm2) to be able to
compare the signal between spots of different size and also between different experi-
ments. SP-IRIS requires initial focusing to the spot to be able to see the diffraction
limited particles on the spot and the focus is maintained by using CRISP (Contin-
uous Reflective Interface Sample Placement) autofocus system (Applied Scientific
Instrumentation, MFC-2000) during scanning an array of spots.
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Figure 2.4: (a) An illustrative sketch of an antibody-spotted SP-IRIS chip. (b)
Zoomed images of antibody spots before and after incubation with a virus sample.
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Figure 2.5: (a) Particles are detected using custom software and shown as red cir-
cles in the image. (b) Diameter of the particles are determined via a forward model
that correlates background normalized peak intensity of a particle to particle diam-
eter. A histogram of detected sizes can be generated for each spot and filtered based
on the expected analyte size to eliminate background particles. The expected size
range for vesicular stomatitis virus (VSV) particles is shown by the green rectangle
in the size histogram. (b) is adapted from (Daaboul et al., 2014).
2.2.3 Preparation of calibration chips for sizing polystyrene beads
When a new SP-IRIS instrument is built, it is important to validate the sizing ability
to ensure that the optical set-up is working properly. The size response curve we use
is calculated based on a fixed oxide thickness, therefore, oxide thickness deviations
between the different substrates can cause error in size determination. For calibrating
the system for accurate size determination, we used known-sized polystyrene beads
immobilized on the surface and determined IRIS-measured diameters to compare
to the nominal particle size given by the manufacturer. Three different sizes of
polystyrene beads were used: 71 nm, 104 nm, and 146 nm. SP-IRIS substrates were
first treated with oxygen plasma to facilitate the adsorption of polystyrene beads.
The bead solutions were prepared by diluting the stock bead solution 10,000-fold in
deionized water. The beads were sonicated for 5 minutes to disperse the particles
homogeneously in the solution and separate the aggregates. The bead solution was
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then applied to the chip with a pipette and spinned at 2000 rpm for 15 seconds using
a spinner (Headway Research, Inc.). The SP-IRIS images of small regions of the chips
are shown in Figure 2.6 as well as the distribution of particle sizes as determined by
SP-IRIS.
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Figure 2.6: SP-IRIS images and size histograms of polystyrene beads of different
sizes: 71 nm, 104 nm and 146 nm. SP-IRIS can provide size-based discrimination by
correlating the background normalized intensities of the particles to their diameters.
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2.3 A model virus to study VHF viruses: Vesicular stomatitis virus
Vesicular Stomatitis Virus (VSV) is a BSL-2 organism that is a pathogen of live-
stock. Therefore, it is a good model to study BSL-4 pathogens that are lethal to
humans. In the experiments throughout this work, we used genetically engineered
VSV as a model for the detection of Ebola, Marburg and Lassa viruses on SP-IRIS.
VSV-based pseudotypes expressing one of the ebolavirus glycoprotein, Marburg virus
glycoprotein (MARV-GP) or Lassa virus glycoprotein (LASV-GP) were produced by
inserting the cDNA coding the relevant glycoprotein in place of VSV glycoprotein
in the genome as described in previously published work (Garbutt et al., 2004). Ex-
pression of the newly inserted glycoprotein genes was confirmed by Western blotting.
Virus stocks were prepared using Vero cells cultured in DMEM with 10% FCS and
1% L-glutamine. Virus titers were determined by standard plaque assay method.
2.4 Microarray fabrication
SP-IRIS substrates, 4-inch silicon wafers with a patterned thermally grown silicon
dioxide of 100 nm, were purchased from Silicon Valley Microelectronics and diced
into 10 mm × 10 mm squares (Figure 2.7). The chips were cleaned by sonicating
in acetone, rinsed with methanol and dI water and dried under nitrogen. In this
section, we describe preparation of the chip surface for biomolecule immobilization
and creation of protein microarrays as well as the quality control (QC) parameters
for evaluation of the chip usability for virus detection experiments.
2.4.1 Surface chemistry
Surface chemistry used for capture probe immobilization constitutes an important
aspect of biosensor development. An ideal surface chemistry should have high binding
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Figure 2.7: (a) Image of a 4-inch SP-IRIS wafer before dicing. (b) An SP-IRIS chip
diced out of the wafer. The chip dimension is 10 mm x 10 mm with an area of 2.3
mm x 2.3 mm in the middle that is used for antibody spotting.
capacity, the ability to retain antibody activity and low background noise. Surface
chemistries used for glass surfaces can be categorized into three groups: 1) physical
adsorption, 2) covalent attachment, and 3) affinity-based immobilization (Seurynck-
Servoss et al., 2007a). Physical adsorption occurs through hydrophobic or ionic
interactions between the proteins and the surface. Although, it provides a simple
coating procedure, it cannot be controlled, hence causes variability between spots
and microarrays. Physical adsorption uses different types of coatings including poly-
L-lysine, aminosilane and nitrocellulose. Another drawback of physical adsorption
is the loss of immobilized probes during the assay procedure, affecting the assay
sensitivity and reproducibility (Seurynck-Servoss et al., 2007a).
Covalent attachment of the capture probes to the surface can be performed using
different functional groups that include epoxides, aldehydes and N-hydroxy succin-
imidyl (NHS) esters. These active groups react with the primary amines in the
protein structure to form covalent bonds. Although covalent attachment provides a
more stable linkage and prevents loss of protein, it might cause problems related to
35
antibody activity due to multiple attachment points to the surface. Affinity-based
immobilization utilizes specific interactions between a functional group on the anti-
body and the surface. This technique gained considerable interest due to the ability
of orienting antibodies such that they expose their antigen binding sites. Some of
the commonly used techniques include i) Protein A or G coated surface that will
bind specifically to the Fc regions of the antibodies, ii) using antibody tags that
have high-affinity for a surface functional group. The former approach has some
drawbacks such as migration of antibodies to other regions in the slide causing cross-
reactivitiy. Therefore, it is important to have a site-specific immobilization where
each antibody with a unique tag can only immobilize on a certain region on the chip.
One example of such a technique is DNA-directed immobilization where each anti-
body is covalently attached to a unique DNA sequence and they are immobilized on
ssDNA surfaces via sequence-specific DNA-DNA hybridization (Boozer et al., 2004;
Niemeyer et al., 1999b). This technique ensures site-specific hybridization without
cross-reactivity and also offers highly multiplexed platforms provided by the unique-
ness of DNA sequences.
For functionalization of IRIS chips, we use a 3-D polymeric coating, copoly(N,N-
dimethylacrylamide (DMA) - acryloyloxysuccinimide (NAS) - 3(trimethoxysilyl) -
propylmethacrylate (MAPS)) polymer described in detail elsewhere (Cretich et al.,
2004). This polymer was shown to have increased probe density compared to 2-D
coatings involving silane chemistry and also very low non-specific binding (Pirri et al.,
2004). We purchased this copolymer, whose commercial name is MCP-2, from Lu-
cidant Polymers. Three monomers composing the structure of this polymer (DMA,
NAS, and MAPS) have different functions (Figure 2.8 a). The polymer is adsorbed
to the surface through hydrogen bonding with DMA groups. Covalent attachment
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occurs between the MAPS groups and the surface silane functionalities. NAS groups
provide NHS esters for covalent attachment to the amine groups of immobilized
probes. Upon hydration of the polymer, the immobilized antibody molecules are
distributed in the fluidic environment provided by the flexible chains of the poly-
mer. Yalc¸in et al. (2009) quantified the swelling of the polymer by immobilizing
fluorophore labeled (at the proximal end) DNA sequences and using SSFM, which
will be explained in more detail later in this chapter. This work showed that the
polymer swells 7 - 20 nm in solution and elevates the molecules that are covalently
attached to its chains.
a) b)
SiO2
a) b) 
Figure 2.8: (a) Chemical structure of copoly(DMA-NAS-MAPS) and its attach-
ment to SiO2 surface. The molar percentages of MAPS, NAS and DMA monomers
are as follows: m=1, n=2, and p=97, respectively. (a) is adapted from (Yalc¸in et al.,
2009). (b) Graphical representation of the copoly (DMA-NAS-MAPS) upon immo-
bilization of antibodies and hydration on a SiO2 surface. The polymer chains close to
the surface condense due to the interactions with silane and the chains that are away
from the surface shows a less dense organization. (b) is reproduced from (Cretich
et al., 2004).
For coating the chips with the polymer, the chips are treated with oxygen plasma
to prepare the surface for polymer coating and then 50X polymer solution is diluted
with Solution A2 (Lucidant Polymers). The chips are immersed in this solution
for 30 minutes, rinsed with dI water extensively, dried with nitrogen. Next, the
polymer coated chips are baked at 80°C for 15 minutes and stored in a desiccator
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until spotting.
2.4.2 Spotting of biomolecules
Antibody printing is usually performed by using robotic arrayers that can deposit
a small amount of antibody solution onto the sensor surface forming a spot. For
the experiments included in this dissertation, antibodies and amine - modified DNA
molecules were spotted on polymer-coated chips using Scienion S3 Flexarrayer (Berlin,
Germany) piezoelectric arrayer. Antibodies were spotted in PBS with 50 mM Tre-
halose. Single - stranded DNA (ssDNA) surface probes were spotted in 150 mM
sodium phosphate buffer (pH = 8.5). During spotting, it is very important to keep
an optimal level of humidity in the spotter chamber. We used humidities between 57
- 59% depending on the humidity of the room. The spotted chips were kept in the
spotter chamber at 67% humidity overnight. Following the overnight immobilization,
the chips were washed with 50 mM Ethanolamine in 1X Tris - buffered saline (150
mM NaCl and 50 mM Tris - HCl, Fisher Scientific), pH = 8.5, for 30 min to quench
the remaining NHS groups in the polymer, then washed with PBST (PBS with 0.1%
Tween) for 30 min, rinsed with PBS and Nanopure water and dried with nitrogen.
2.4.3 Quality control of protein microarrays for optimal performance
Despite the considerable progress since their first introduction over a decade ago,
realization of reliable protein microarrays still remains as a challenge. In particular,
wide use of protein microarrays in clinical settings has been hampered by the chal-
lenges that affect the assay sensitivity and reproducibility. Designing and producing
a high quality antibody array is a more challenging task compared to DNA microar-
rays due to complex and diverse nature of proteins. Therefore, their immobilization
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on microarray surfaces is a delicate task that requires consideration of many criteria.
The largest source of variation in the protein microarrays is the printing process.
Other factors that contribute to the assay reproducibility is the surface chemistry
as discussed before, shelf-life of the printed antibodies and the complexity of the
assay procedure. These challenges point to the need for robust microarray produc-
tion techniques as well as the implementation of quality control critera. Quality
control parameters must be identified for a given biosensor type to achieve optimal
performance and increase assay reproducibility.
Antibody immobilization Surface antibody density is another important criteria
that affects assay sensitivity. Surface density of the antibodies should be optimized
for a given application to optimize the target capture. To evaluate the effect of
antibody immobilization density on the virus capture, we spotted anti EBOV GP
antibody (13F6) at different concentrations on SP-IRIS substrates (5, 4, 3, 2 ,1 and
0.5 mg/ml). Next, we incubated this chip with EBOV-GP pseudotyped VSV at
a titer of 104 PFU/ml for 1 hour and measured the captured virus density with
SP-IRIS. Antibody surface density measurements were performed using IRIS. Our
results showed that the amount of viruses captured on the antibody spots depends on
the antibody density immobilized on the surface (Figure 2.9). According to Figure
2.9, the number of the captured viruses increases linearly with the antibody surface
density (1 nm = 1.2 ng/mm2).
We have observed the same effect also with the 8G5 antibody, anti-WT VSV GP,
for the capture of WT-VSV. It is important to note that increase in the antibody
density does not cause steric hindrance which would have been observed as a decrease
in the amount of virus binding. This is most likely due to the 3-D structure of the
polymer which provides increased surface area thus increased intermolecular distance
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between the antibodies. Our results point to the necessity of inspection of each chip
for antibody surface density level prior to use in the virus detection experiments,
since the sensitivity of the assay would be affected significantly by low levels of
immobilization. Thus, we established the antibody spot height measured by IRIS
as a QC parameter and determined 3.5 nm as the minimum level of immobilization
required for virus detection experiments.
0 1 2 3 4 5 60
1
2
3
4
5
6
7
8 x 10
4
R2 = 0.87
Antibody Spot Thickness (nm)
Si
gn
al 
De
ns
ity
 (V
iru
s C
ou
nt
 / 
m
m
2 )
Figure 2.9: Effect of surface antibody density on the captured virus density. The
amount of virus that is captured on the antibody spots increases linearly with the
surface antibody density (1 nm = 1.2 ng/mm2).
We investigated the variability in antibody spots printed on SP-IRIS chips by
looking at the average spot heights (n = 60 spots) of three different antibodies across
10 different spotting runs (Figure 2.10). Our results indicate that there is signifi-
cant variation in antibody spot heights (hence antibody surface densities) between
different antibodies and also different spotting runs for a given antibody. It is also
40
important to note that the average spot height of 13C6 antibody (an anti EBOV GP
antibody) over 10 spotting runs does not reach the optimal surface antibody density
(3.5 nm). This shows that different antibodies can have different immobilization
characteristics. Therefore, the spotting of a given antibody should be optimized
to obtain optimal surface density. Alternatively, different antibody immobilization
techniques can be used to improve the antibody availability to compensate for the
low immobilization as will be described in Chapter 4.
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Figure 2.10: Variation of spot heights among different antibodies and between
spotting runs for a given antibody. For each antibody, spot heights from ten spotting
runs were averaged. Error bars show the variation among 60 different spots from
these ten spotting runs.
Spot morphology Spot morphology is an important aspect of quality control for
SP-IRIS due to its effect on the assay sensitivity and reproducibility. Since SP-IRIS
is a high-magnification imaging technique, spot morphology is critical to the accurate
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signal quantification. Non-uniform spot morphology, spot-to-spot or assay-to-assay
variabilities caused by the printing process lead to inconsistent signal quantification in
all microarray-based platforms (Romanov et al., 2014), affecting the assay sensitivity
and robustness (Ellington et al., 2010). Therefore, presence of morphological features
such as coffee rings, crystallization or other non-uniform structures is not desired and
should be minimized (Figure 2.11). Some of these morphological irregularities can
be observed in low-magnification IRIS images. For example, it is possible to see
crystallization as bright regions in a given spot. Coffee ring structure can also be
visualized in low-mag images if the outer region is significantly brighter than the
inside of the ring.
For SP-IRIS experiments, it is desirable to take a pre-incubation image to later
subtract from the post-incubation image to calculate the net number of bound par-
ticles. Because, in many cases, there are nanoparticles on the antibody surface that
formed during spotting process which are detected by SP-IRIS. The subtraction
process in combination with size filtering eliminates the contribution from these pre-
incubation particles. However, if the number of pre-incubation particles are very large
(Figure 2.11 c), these particles would interfere with the identification and counting
of the particles in the post-incubation images, affecting the accuracy signal quantifi-
cation. Therefore, we have determined a particle density of 10,000 particles/mm2 as
the upper limit for pre-incubation particle counts. Figure 2.12 shows an example of
a clean spot that is free of nanoparticles and has a uniform morphology.
2.5 Real-time detection of VSV pseudotypes in-liquid
Recently, our group improved the SP-IRIS system to include in-liquid imaging capa-
bility (Scherr et al., nd). In-liquid imaging of particles offer many advantages over
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Figure 2.11: Examples of poor spot morphologies. (a) has a crystallization region
as well as non-uniformity in the other regions (b) and (e) shows non-uniformities
in the spots (d) shows a coffee ring structure (c) shows an example of a spot that
has many particles in the pre-incubation image, and therefore, is not ideal for use in
virus detection experiments.
dry imaging. First of all, the nanoparticles can be imaged real-time as they bind to
the antibody spots on the surface. Second, it eliminates the drying step that can
cause problems such as salt crystals on the spots. Drying process can also affect
the surface-bound virus particles. We have observed, in some cases, that the virus
particles aggregated in a region in the spot instead of a uniform coverage. We believe
that this happens during the chip drying process during which water slides over the
surface, applying a force that causes the virus particles to aggregate in a certain
region. Lastly, in-liquid imaging makes SP-IRIS platform microfluidics compatible
which would increase its potential towards a fully integrated POC device.
In-liquid imaging required some modifications on the SP-IRIS set-up. Instead
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Figure 2.12: Example of an ideal spot morphology. Spot shows a uniform mor-
phology with a clean, particle-free surface as shown by the zoomed image.
of 100 nm - oxide substrate, we use a 30 nm - oxide substrate due to increased
visibility of the virus particles in solution at this thickness compared to 100 nm
- oxide chips (Scherr et al., nd). The objective used is a coverslip corrected 40×
0.9NA objective. In-liquid virus detection experiments were performed mounting
the 30 nm - oxide chips into a microfluidic cartridge (Figure 2.13) via a pressure
sensitive adhesive (PSA). Custom-designed, disposable microfluidic cartridges were
purchased from ALine. Assembled cartridges were placed on the SP-IRIS stage and
connected to a syringe pump (Harvard Apparatus, PHD 2000). A flow rate of 3
µl/min was used for all in-liquid experiments.
Scherr et al. (nd) showed sensitive detection of EBOV GP pseudotyped VSV in
serum which showed that imaging can be done in complex media without extensive
sample preparation. This study showed a 50-fold improvement in the LOD compared
to the previously reported LOD for the dry imaging modality. Viruses imaged in-
liquid have significantly less contrast compared to the viruses imaged in air due to
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the refractive index change. This change causes a weaker induced dipole resulting in
a decrease in the peak response of the particle. However, the captured virus particles
are still visible and can be detected by the particle finding algorithm by changing
the intensity filter limits.
a) b)
Figure 2.13: (a) An image of the microfluidic cartridge used for in-solution mea-
surements. The microfluidic cartridge has a 25 µm-thick and 2 mm-wide channel.
(b) Experimental set-up showing the microfluidic cartridge placed on the SP-IRIS
stage.
2.6 Spectral self-interference fluorescence microscopy (SSFM)
2.6.1 Principle of operation
One important aspect of developing a sensitive biosensor is the ability to character-
ize the surface properties and to understand how different immobilization methods
affect the axial position of the surface probes. Our group developed a simple flu-
orescence microscopy technique, spectral self-interference fluorescence microscopy
(SSFM), which maps spectral oscillations emitted by an ensemble of fluorophores
above a Si-SiO2 layered substrate into a precise axial position (Figure 2.14) (Moi-
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seev et al., 2004). SSFM can determine the axial height of fluorophores from the
spectral oscillations caused by the interference between direct and reflected waves of
emitted fluorescence (Moiseev et al., 2004). Previously, SSFM was shown to deter-
mine the average axial position of DNA molecules tagged with a fluorophore with
sub-nanometer resolution (Moiseev et al., 2004, 2006). SSFM was also used for char-
acterization of the copoly(DMA-NAS-MAPS) polymer on oxide surfaces as well as
the determination of axial positions of DNA molecules immobilized on this polymeric
surface (Yalc¸in et al., 2009). SSFM can also be used to determine the orientation of
DNA molecules by tagging them with fluorophores at each end of the molecule and
calculating the angle of the DNA molecules. For this dissertation, SSFM was utilized
to study the effect of DNA linkers on the conformation of the capture antibodies that
are immobilized on DNA spots using DNA-directed immobilization technique. SSFM
measurements were performed for determining the axial positions of antibody-DNA
conjugates hybridized to DNA probes of various lengths on the functionalized sensor
surface. SSFM optical set-up, data acquisition, and the fluorescence spectrum fitting
to obtain fluorophore heights have been described in detail elsewhere (Zhang et al.,
2014; Moiseev et al., 2004).
For SSFM measurements, silicon wafers with 17.5 µm thick thermally grown oxide
layer (Silicon Valley Microelectronics) were diced into 15 mm x 15 mm square chips,
functionalized with polymer as described earlier and printed with biomolecules for
the axial height determination experiments.
Evaluating axial positions of antibodies and DNA molecules For determin-
ing the average axial position of antibodies immobilized on 3-D polymer, we spotted
Cy3 labeled 8G5 along with fluorophore labeled (distal-end fluorophore) 20-bp, 40-
bp and 60-bp DNA molecules on the polymer coated SSFM substrate. Our purpose
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Figure 2.14: Principle of detection for SSFM. Oscillations of spectral reflectance
obtained from SSFM that represents axial locations of an ensemble of fluorophores
from different probe types immobilized on the surface. Red lines indicate the average
axial heights of the fluorophores.
was to compare antibody axial height to DNA probe axial height and see where the
immobilized antibodies reside in the 3-D polymer structure. Although our group has
performed a great deal of DNA conformation studies using SSFM so far, we never
evaluated the axial position of the antibodies spotted on the polymer.
After washing the spotted chip, we performed SSFM measurements in a cus-
tomized flow cell in PBS. Our results showed that the average axial height of the
antibodies was about 6 nm whereas 20-bp, 40-bp and 60-bp DNA probes had average
axial heights of 7, 12 and 16 nm, respectively (Figure 2.15). These results suggested
that linking antibodies to the surface via DNA linkers would increase the elevation
of the antibodies over the surface and improve their accessibility.
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Figure 2.15: Average axial heights of fluorophore-labeled antibody and DNA
molecules immobilized on the polymer coated SSFM substrate. Cy3 labeled anti-
body molecules (8G5) have an average height of 6 nm and ds 20-bp, ds 40-bp and ds
60-bp DNA molecules have average axial heights of 7, 12 and 16 nm, respectively.
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Chapter 3
Selection of Capture Antibodies against Ebola, Marburg and Lassa
Glycoproteins
3.1 Introduction
A key component of a multiplexed immunoassay development is the selection and
characterization of capture antibodies. Without proper capture agents, even the
most sensitive biosensor would not be able to selectively detect the target. Im-
portant parameters for capture antibody selection include affinity, specificity and
cross-reactivity. An ideal capture probe should show high-affinity for the target
and it should be highly specific with minimal cross-reactivities against other targets.
Monoclonal antibodies are the most commonly used capture probe type due to their
specificity and homogeneity. This chapter focuses on selection of high-affinity cap-
ture antibodies for development of a multiplexed VHF (Viral Hemorrhagic Fever)
panel utilizing SP-IRIS platform. Since SP-IRIS detection relies on imaging indi-
vidual virus particles captured on the antibody functionalized sensor surface, it is
criticial to determine the antibodies capable of binding to the whole virus particles.
Therefore, antibodies to be used in the SP-IRIS platform should be specific for viral
proteins that are exposed on the virus surface.
In this chapter, we first give an overview of the glycoprotein structure of the
ebolavirus and present the performance of several monoclonal antibodies for the
whole virus detection on SP-IRIS for ebolavirus subtypes. Screening a large number
of capture probes is a labor-intensive process and can benefit from microarray tech-
nology that offers high-throughput screening capability on a single chip. The ability
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to screen many antibodies on a single chip also represents another application for the
SP-IRIS platform. We also propose a model for GP epitope mapping based on the
the results of the virus binding assays. Next, we perform similar antibody perfor-
mance tests on SP-IRIS for several Marburg and Lassa antibodies to identify ideal
capture antibodies for creating a multiplexed VHF panel on SP-IRIS substrates. Fi-
nally, we present the results of Ebola, Marburg and Lassa virus detection experiments
performed in a BSL-4 facility using SP-IRIS instrument.
3.2 Ebolavirus
Ebolavirus is a filamentous, RNA virus belonging to Filoviridae family that causes a
severe hemorrhagic fever (VHF) in humans and non-human primates with high mor-
tality rates (Feldmann et al., 2013). There are five different species of ebolavirus iden-
tified so far: Zaire ebolavirus (Ebola virus, EBOV), Sudan ebolavirus (Sudan virus,
SUDV), Ta¨ı Forest ebolavirus (Ta¨ı Forest virus, TAFV), Bundibugyo ebolavirus
(Bundibugyo virus, BDBV) and Reston ebolavirus (Reston virus, RESTV) (Cox
et al., 1983; Le Guenno et al., 1995; Towner et al., 2008; Jahrling et al., 1990; Dal-
gard et al., 1992). Among these, Zaire ebolavirus is the most lethal to humans.
Since the first appearance of Zaire ebolavirus in 1976, there has been 13 outbreaks,
the most recent of which, that occurred in West Africa, has been the largest Ebola
epidemic in history, causing more than 11,000 deaths (Centers for Disease Control
and Prevention, 2015c).
The only viral glycoprotein on the ebolavirus envelope is a trimeric glycoprotein
(GP), encoded by the fourth-gene of a seven-gene encoding genome (Sanchez et al.,
1998). 80% of the mRNA transcripts of the GP gene give rise to a dimeric, secreted
glycoprotein (sGP) whereas 20% of the transcription products lead to the trimeric
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envelope-associated GP synthesis (Sanchez et al., 1998). GP and sGP are identical
in their first 295 amino acids but differ at the carboxy terminal as a result of tran-
scriptional editing (Sanchez et al., 1998, 1996). GP is responsible for the recognition
of the host cells and the entry process (Feldmann et al., 1999, 2001).
The study undertaken by Lee et al. (2008) revealed the crystal structure of
ebolavirus GP bound to an antibody from a human survivor of the 1995 Kikwit,
Zaire ebolavirus outbreak (KZ52 antibody). This accomplishment allowed the study
of the epitopes on the GP where the monoclonal antibodies bind to. Obtaining the
epitope information is critical both to understand the mechanism of action of these
antibodies and to develop strategies for the selection of antibodies to be used in the
therapeutic cocktails.
3.2.1 Structure of ebolavirus glycoprotein
Ebolavirus glycoprotein consists of two subunits, GP1 and GP2, that form by post-
translational cleavage of a 676 amino acid precursor. GP1 and GP2 remain covalently
attached via a disulfide bond, forming a ∼150 kDa monomer. Three monomers form
the trimeric GP (∼450 kDa) through non-covalent interactions. In GP trimer, three
GP1 subunits form a bowl-like chalice and the three GP2 subunits wrap around GP1
to form a cradle (Figure 3.1 b) (Lee et al., 2008).
GP1 is composed of three subdomains: base, head and glycan cap (Figure 3.1
a). The base subdomain clamps GP2, which might play a role in preventing GP2
from switching into the fusion-active form without binding to a receptor (Lee and
Saphire, 2009). The head subdomain contains the receptor binding site (RBS). The
glycan cap subdomain contains N-linked glycosylation sites over the head domain.
The GP structure revealed by Lee et al. (2008) predicts that there are 12 glycans in
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a) b) 
Figure 3.1: Structure of Ebola glycoprotein. (a) Molecular surface of the GP trimer
viewed on its side and top. GP is composed of three identical monomers indicated
by the letters A, B and C. Monomer A is colored to indicate the subdomains: Base
is green, head is purple, glycan cap is cyan, GP2 N terminus is red, internal fusion
loop is orange, and heptad repeat region 1 (HR1) is yellow. (b) Molecular surface
of the EBOV GP chalice and cradle. The three GP1 subunits form the chalice, and
GP2 subunits form the cradle (shown as ribbons). Adapted from (Lee et al., 2008).
total over the trimer structure, forming a carbohydrate coating on the GP. Mucin-like
domain (∼150 amino acids) further extends this carbohydrate coating by introducing
another 17 - 22 glycans over the top of the GP. It is suggested that this excessive
glycan coating over the GP helps the virus escape immune system recognition.
3.2.2 Monoclonal antibodies against ebolavirus GP
Several protective monoclonal antibodies against ebolavirus GP have been identified
so far. Some of these antibodies provide neutralization of infection when tested in
vitro, whereas some others do not neutralize in vitro infection but still shows protec-
tion against Ebola virus in animal models. Administration of protective monoclonal
antibodies has been shown to be highly effective in non-human primates (NHPs) in
preventing the infection (Dye et al., 2012; Marzi et al., 2012; Olinger et al., 2012; Qiu
et al., 2012; Pettitt et al., 2013; Qiu et al., 2014). They have also been administered
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to patients who have contracted the disease in the most recent Ebola outbreak (2014)
(Geisbert, 2014). Therefore, these mAbs could serve as possible therapeutic agents
to protect against the infection after exposure.
Three successful mAb cocktails consisting of three monoclonal antibodies have
been shown to be the efficacious in non-human primates infected with Ebola virus.
They are called MB-003 (MappBio), ZMAb (Defyrus) and ZMapp. MB-003 is com-
posed of 13C6, 13F6, 6D8 mAbs (Olinger et al., 2012; Pettitt et al., 2013) and ZMAb
is composed of 1H3, 2G4 and 4G7 mAbs (Qiu et al., 2012). Recently, some of the
components from each of these cocktails have been combined to create another cock-
tail, titled ZMapp, that was shown to have an improved efficacy compared to the
former two cocktails (Qiu et al., 2014). ZMapp contains 2G4 and 4G7 from the
ZMAb mixture and 13C6 from the MB-003 cocktail. Recently, Murin et al. (2014)
provided single-particle electron microscopy (EM) reconstructions for the mAbs in
the ZMapp cocktail as well as the additional 1H3 mAb. They showed that 13C6 and
1H3 bind overlapping epitopes in the glycan cap and compete. They also showed
that 2G4 and 4G7 bind overlapping regions in the base domain and compete, as
well. Although this study increased our knowledge of the epitopes of the mAbs in
the ZMapp cocktail, more monoclonal antibodies should be investigated to develop
new cocktail formulas for targeting different subtypes of ebolavirus and also viruses
with genetic variations that can escape from the binding of protective antibodies.
3.3 Screening ebolavirus antibodies on SP-IRIS
In this section, we present our results showing the performance of the monoclonal
antibodies against ebolavirus on SP-IRIS, including the ingredients of all three cock-
tails mentioned in the previous section, as well as additional antibodies. Our anti-
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Figure 3.2: Epitopes for protective monoclonal antibodies. Non-neutralizing anti-
bodies bind to the outside regions of the core GP in the glycan cap and mucin-like
domains. Although these domains are removed before binding to the receptor in the
host endosome, antibodies binding these regions can still be protective. Neutralizing
antibodies all bind similar regions at the GP1-GP2 interface. They may be asso-
ciated with the prevention of conformational changes of GP2 required for host cell
membrane fusion. Adapted from (Murin et al., 2014).
body screening test includes the following antibodies: 13F6, 13C6, 6D8, 2G4, 4G7,
1H3, KZ52, 15H10, 3F10, 5G10, 16F6, 16H11, 19B3 and 19B4. Among these, 13F6,
13C6, 6D8, 2G4, and 4G7 mAbs were provided by Mapp Biopharmaceutical, 1H3
was provided by Public Health Agency of Canada (Qiu et al., 2014), KZ52 antibody
was purchased from IBT Bioservices, 15H10 was provided by Duke University, and
the rest were provided by U.S. Army Medical Research Institute of Infectious Dis-
eases (USAMRIID). We also received nine different Bundibugyo ebolavirus specific
monoclonal antibodies from Vanderbilt University.
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To determine the relative affinities of the antibodies for capturing virus particles
expressing the ebolavirus glycoprotein, we spotted all of the antibodies separately
on to SP-IRIS chips (30 nm - oxide) along with the control antibodies 8G5 (anti
WT-VSV GP) and 8.9F (anti Lassa GP) and the chips were washed as described
previously. Next, each chip was incubated with a different VSV pseudotype car-
rying a specific GP for ebolavirus subtypes: Zaire, Sudan, Ta¨ı Forest and Reston.
The titers used were 107 PFU/ml, 3 × 105 PFU/ml, 3 × 106 PFU/ml and 6 × 104
PFU/ml, respectively. Chips were incubated with the virus solutions (in DMEM
culture media with 10% FCS and 1% L-Glutamine) in the microfluidic cartridge for
1 hour at a flow rate of 3 µl/min. A separate control chip was incubated with Lassa
virus GP pseudotyped VSV (107 PFU/ml) to determine the specificity of the tested
antibodies. Spot images were analyzed as described in Section 2.2.2 and the results
are summarized in Table 3.1. The table shows the degree of virus binding to different
antibodies for each VSV pseudotype. None of the antibodies tested showed signifi-
cant binding to Lassa virus (LASV) GP pseudotyped VSV, showing the specificity
of the antibodies.
Zaire GP pseudotyped VSV detection For Zaire ebolavirus, the highest amount
of virus binding was observed for 13F6, 13C6, 6D8 and 1H3 antibodies, 13F6 anti-
body signal being higher than the other three antibodies. Knowing that 13F6 and
6D8 antibodies bind to the mucin-like domain (MLD), and 13C6 and 1H3 antibodies
bind to the glycan cap, our results can be explained by the easy accessibility of these
domains. 2G4, 4G7 and KZ52 antibodies, all of which bind to the base domain of
the GP, showed lower signals than the MLD and glycan domain binding mAbs. This
may be due to the fact that epitopes of these mAbs are harder to access compared
to more exposed MLD and glycan domains. Furthermore, these epitopes might be
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Antibody EBOV-VSV SUDV-VSV TAFV-VSV RESTV-VSV LASV-VSV
13F6 +++++ − − − −
13C6 ++++ − − − −
6D8 ++++ − − − −
1H3 ++++ − − − −
2G4 +++ − − − −
4G7 +++ − − − −
KZ52 ++ − − − −
15H10 + − − − −
3F10 + ++ + ++ −
5G10 − ++ − − −
16F6 − ++ − − −
16H11 − − − − −
19B3 − − − − −
19B4 − − − − −
Table 3.1: Screening capture antibodies against ebolavirus on SP-IRIS. No binding
is denoted by the −. When binding is observed, the degree of binding is denoted by
the number of + symbols.
prevented from mAb binding due to the glycan coating over the GP.
Antibodies provided by USAMRIID have been shown to have cross-reactivity
with different subtypes of ebolavirus (Table 3.2, unpublished ELISA data provided
by USAMRIID). Among these antibodies, 16F6 mAb is Sudan subtype specific (Dias
et al., 2011) whereas 5G10 is specific for both Sudan and Reston subtypes (Table
3.2). Our experiment results show very little binding of 3F10 mAb to Zaire and
Ta¨ı Forest pseudotyped VSVs whereas binding to Sudan and Reston pseudotyped
VSVs is slightly more. Due to binding to more than one ebolavirus subtype GP, this
antibody cannot provide species specific information, however, it can still be useful
in differentiating the ebolavirus from other viruses. According to the experiments
done at USAMRIID, 3F10 mAb showed signal in antigen ELISA tests with all four
subtypes of ebolavirus, however, it showed signal neither with western blot assay
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using whole virus nor with flow cytometry using Vero’s cells expressing the Sudan
or Zaire ebolavirus GP. The difference in the membrane-associated GP recognition
ability of the 3F10 antibody in different platforms (western blot, flow cytometry and
SP-IRIS) may be attributed either to increased sensitivity of SP-IRIS compared to
western blot and flow cytometry assays or differences in the antigen expression and
display in VSV and Vero’s cells. Moreover, the fact that 3F10 mAb worked well in
an antigen ELISA but did not produce a strong signal on SP-IRIS platform can be
explained by differences in the accessibility of the specific epitope in the monomeric
GP and the trimeric membrane-associated GP.
Since these results come from different experimental approaches (VSV pseudotype
vs Vero’s cells), it is difficult to make inferences in terms of performance of the
detection technique used. The observed differences might be very well due to the
differences in the level of expression of the GP. However, our results demonstrate
SP-IRIS as a useful platform that can be utilized as an antibody screening tool to
compare to the results from other techniques and contribute to our knowledge of
mAb properties.
In SP-IRIS, 16H11, 19B3 and 19B4 showed no signal at all for EBOV GP pseudo-
typed VSV. Not seeing signal on SP-IRIS with 16H11, 19B3 and 19B4 antibodies for
the whole virus detection suggests that these antibodies do not recognize the mem-
brane associated GP, but rather binds to the monomeric version of the GP. Perhaps
the epitopes for these mAbs are hindered from binding due to the organization of the
monomers in the trimeric structure. 16H11 was shown to bind to Sudan, Zaire and
Ta¨ı Forest species in antigen ELISA tests done by USAMRIID and 19B3 and 19B4
antibodies showed signal for all ebolavirus species (Table 3.2). None of these three
mAbs showed binding to the whole virus in flow cytometry in the results provided
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Antibody Source Reactive Against Reference
13F6 Mapp Bio. EBOV Wilson et al. (2000)
13C6 Mapp Bio. EBOV, SUDV, TAFV Wilson et al. (2000)
6D8 Mapp Bio. EBOV Wilson et al. (2000)
2G4 Mapp Bio. EBOV Qiu et al. (2011)
4G7 Mapp Bio. EBOV Qiu et al. (2011)
1H3 Public Health EBOV Qiu et al. (2011)
Agency of Canada
KZ52 IBT Bioservices EBOV Maruyama et al. (1999)
3F10 USAMRIID EBOV, SUDV, TAFV, Unpublished*
RESTV
5G10 USAMRIID SUDV, RESTV Unpublished*
16F6 USAMRIID SUDV Dias et al. (2011)
16H11 USAMRIID EBOV, SUDV, TAFV Unpublished*
19B3 USAMRIID EBOV, SUDV, TAFV, Unpublished*
RESTV
19B4 USAMRIID EBOV, SUDV, TAFV, Unpublished*
RESTV
15H10 Duke University EBOV, SUDV, TAFV, Yu et al. (2006)
RESTV
Table 3.2: Ebolavirus antibodies tested on SP-IRIS and information on their target
species. *denotes the unpublished data provided to us by USAMRIID for comparison
to our results obtained by SP-IRIS.
by USAMRIID, which is also consistent with the lack of signal on SP-IRIS.
15H10 mAb was shown to recognize ebolavirus GP pseudotyped lentiviral virions
in a whole virus western blot for all ebolavirus species (Yu et al., 2006), whereas our
results showed signal only for the Zaire species. This can be due to the differences
in the GP presentation between two different pseduotyped organisms. Moreover,
different pseudotypes of VSV can express different amount of GP which would affect
the binding kinetics.
KZ52 is an interesting mAb to study since it was isolated from a human survivor in
the 1995 Zaire outbreak. This antibody was shown to bind a non-glycosylated region
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at the base domain of the GP. KZ52 blocks the cleavage of membrane-associated GP
by host cell cathepsins, which is a critical step for virus entry into the cell (Shedlock
et al., 2010). The cathepsin cleavage results in formation of a fusion-active GP that
is capable of mediating membrane fusion. The intermediate binding level seen on
SP-IRIS with this antibody is most likely due to the decreased accessibility of the
base domain combined with the limited flexibility of the surface attached antibodies.
KZ52 antibody binds at a parallel angle to the base domain (Figure 3.2) and this
might pose a sterically hindered orientation for an antibody attached to the surface
via multiple bonds.
Sudan GP pseudotyped VSV detection Sudan ebolavirus is the most common
ebolavirus species after Zaire ebolavirus, with 6 outbreaks since 1976 with mortality
rates up to 65% (Centers for Disease Control and Prevention, 2015c). It is important
to differentiate between Zaire and Sudan strains since they occur in geographically
close locations. Among the mAbs tested on SP-IRIS, 3F10, 5G10 and 16F6 antibod-
ies showed binding to the Sudan GP pseudotyped VSV. Since 3F10 also recognizes
other ebolavirus subtypes, 5G10 and 16F6 antibodies are selected for specific detec-
tion of Sudan ebolavirus. Therefore, we showed that 5G10 and 16F6 antibodies are
able to detect membrane associated Sudan ebolavirus GP which is consistent with
the flow cytometry results obtained by USAMRIID.
The binding level observed on SP-IRIS for 16F6 is similar to the levels obtained
for the base domain binding antibodies for Zaire ebolavirus. Knowing that 16F6 also
binds to the similar region on GP (Figure 3.2), we suggest that binding level seen on
SP-IRIS platform can be associated with the specific epitopes on the GP as will be
discussed later in this chapter.
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Bundibugyo GP pseudotyped VSV detection Bundibugyo ebolavirus first
appeared in Uganda in 2007 when it caused an outbreak with a fatality rate of 25%
(Centers for Disease Control and Prevention, 2015c). A second outbreak occurred
in 2012 in Democratic Republic of the Congo with a fatality rate of 36%. We tested
9 different monoclonal antibodies against the Bundibugyo ebolavirus using SP-IRIS
and Bundibugyo GP expressing VSV. Tested antibodies were BDBV 29. BDBV 86,
BDBV 223, BDBV 238, BDBV 240, BDBV 252, BDBV 266, BDBV 270 and BDBV
273. We incubated the SP-IRIS chip spotted with these antibodies with BDBV
GP expressing VSV (106 PFU/ml) for 1 hour, washed and dried the chip and then
analyzed the virus densities captured on each antibody (n = 4 replicate spots per
condition). We also incubated a separate chip with LASV GP pseudotyped VSV to
evaluate the specificity of the antibodies. The results are shown in Table 3.3. The
best performance in terms of specificity and sensitivity was achieved by BDBV 238
antibody.
Ta¨ı Forest GP pseudotyped VSV detection Ta¨ı Forest ebolavirus was first
identified in 1994 (Le Guenno et al., 1995) when there was only one human case (non-
fatal). Since then, no other cases of this infection has been seen. The only antibody
that showed signal on SP-IRIS for Ta¨ı Forest pseudotyped VSV was 3F10. The
antibodies that demonstrated binding in antigen ELISA according to the USAMRIID
data are 3F10, 16H11, 19B3 and 19B4 (Table 3.2). As discussed earlier, SP-IRIS can
yield different results compared to ELISA due to the use of whole viruses which can
cause the specific GP epitopes to be prevented from binding to the antibody.
Reston GP pseudotyped VSV detection Reston ebolavirus was first isolated
in 1989 in Virginia from monkeys imported from the Philippines (Jahrling et al.,
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BDBV ebolavirus antibody Signal on SP-IRIS
BDBV 29 -
BDBV 86 -
BDBV 223 +*
BDBV 238 ++
BDBV 240 +*
BDBV 252 +
BDBV 266 +
BDBV 270 +*
BDBV 273 -
Table 3.3: Performance of Bundibugyo virus specific antibodies on SP-IRIS for
detection of BDBV GP expressing VSV. The highest and most specific signal was
obtained with BDBV 238 antibody. * indicates the presence of a significant degree
of cross-reactivity with LASV-GP expressing VSV.
1990). So far, no human cases have been identified. The only antibody that showed
signal on SP-IRIS for Reston pseudotyped VSV was 3F10. The antibodies that were
shown to bind in antigen ELISA according to the USAMRIID data are 3F10, 5G10,
19B3 and 19B4 (Table 3.2).
3.4 Competition binding assays for Zaire ebolavirus specific antibodies
As we mentioned earlier, ZMapp antibody cocktail has been shown to provide in-
creased efficacy compared to the two previously evaluated MB-003 and ZMAb cock-
tails. ZMapp and ZMAb cocktails have 2G4 and 4G7 antibodies in common and
they differ in the third component: ZMAb has 1H3, while ZMapp has 13C6. There-
fore, one can conclude that 13C6 has some advantage compared to 1H3 in the three
antibody cocktail. Both of these antibodies bind to the glycan cap and compete with
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each other. 13C6 binds at a perpendicular angel to the viral membrane whereas 1H3
binds at a less steep angle (Figure 3.2).
To explain the superiority of 13C6 antibody over 1H3, we made the following
hypothesis: 1H3 antibody hinders binding of either one or both of the base domain
binding constituents of the ZMAb cocktail, or vice versa, i.e, binding of 2G4 and 4G7
antibodies inhibits the binding of 1H3, preventing it from realizing its function of
triggering host immune response. Murin et al. (2014) reported competition binding
assay results for ebolavirus antibodies using ForteBio Octet platform. Competition
binding data presented in this work does not reveal any significant differences between
1H3 and 13C6 mAbs in terms of competition with the 2G4 and 4G7 antibodies.
According to their data, both 13C6 and 1H3 affect binding of 2G4 and 4G7 similarly
(13C6 decreases binding of 2G4 and 4G7 to 62% and 51% of their uncompeted
binding, respectively, and 1H3 antibody decreases their binding to 74% and 70%
of their uncompeted binding, respectively). In fact, their data indicates that 13C6
interferes with 2G4 and 4G7 binding more than 1H3 does. In the mentioned work,
they immobilized EBOV glycoprotein on the chip surface and saturated the surface
successively with antibody 1 and antibody 2 of the antibody pair being tested. This
experimental set-up has two drawbacks that would affect the accuracy of the results:
use of soluble version of the glycoprotein that would have different binding properties
compared to the native glycoprotein and saturation of the surface with the antibody
1 that would decrease the binding of second antibody substantially. Our innovative
experimental approach, on the other hand, combined a highly sensitive, single particle
detection platform with pseudovirions that express the native glycoprotein (EBOV
GP expressing VSV).
We used SP-IRIS to run competition binding assays using membrane-associated
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GP to understand the interaction of the antibodies with the GP in its native state.
We spotted seven anti-EBOV GP antibodies (13F6, 13C6, 6D8, 1H3, 4G7, 2G4 and
KZ52) on a single chip (6 replicate spots per condition). We first mixed 5 × 105
PFU/ml EBOV-pseudotyped VSV with each of the seven antibodies (at a final anti-
body concentration of 1 µM) in separate eppendorf tubes and allowed the binding of
the antibodies to the pseudotyped VSV particles for 20 minutes. Then, we incubated
seven separate SP-IRIS chips with these mixtures for 1 hour. We also incubated one
SP-IRIS chip with the virus sample only as the reference chip to calculate the un-
competed binding level of the antibodies. We calculated the average virus densities
(n = 6 spots) for each antibody on the surface of each chip and calculated the percent
binding for each antibody by comparing the binding on a given competition chip to
the uncompeted binding from the reference chip. These percent binding values are
given in Table 3.4.
Our results indicate that pre-decoration of virus particles with 4G7 and 2G4
antibodies reduces the binding of 1H3 significantly (to 23% and 41% of its binding
alone, respectively). On the other hand, binding of 4G7 or 2G4 to the membrane-
associated GP does not interfere with 13C6 antibody binding of membrane bound
virions. Based on our results, we predict that binding of 2G4 and 4G7 antibodies
causes a conformational change in the region where 1H3 binds, preventing the binding
of 1H3, whereas they do not affect binding of 13C6. Therefore, it is possible that,
when administered together, 2G4 and 4G7 antibodies will prevent binding of 1H3 to
the glycan cap which will suppress the immune response and decrease the efficacy
of treatment. Thus, our results provide a possible explanation as to why 13C6
antibody in ZMapp cocktail is superior to 1H3 antibody. These results suggest that
competition between the antibodies in a cocktail has important implications for the
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efficacy of the treatment.
Our experimental design, where the virus solution was mixed with the antibody
1 and then introduced to the chip that was spotted with all the other antibodies,
allowed us to reveal a competition that was unknown so far. Moreover, our approach
can test one antibody’s competition against tens of antibodies spotted on the chip
surface and it requires only one reference chip that is incubated with virus sample
only, whereas immobilizing the GP approach used in the study by Murin et al. (2014)
requires one chip per antibody pair tested and a reference chip for each antibody.
We believe that microbiology community will benefit from our approach combining
SP-IRIS platform and use of whole virus particles for obtaining competition infor-
mation for monoclonal antibodies. This application of SP-IRIS will be particularly
valuable for revealing the competition between antibodies that are candidate for use
in therapeutics, enabling design of efficient cocktails for use in post-exposure therapy.
3.4.1 A model for EBOV GP epitope mapping based on SP-IRIS data
Based on our results presented in Table 3.1, we can divide the Ebola antibodies
(Zaire - specific) that we tested into three distinct groups (Table 3.5). Group 1
antibodies form the strong binding group and members of this group bind to either
the MLD or the glycan cap of the GP. Group 2 antibodies, that show intermediate
level signal on SP-IRIS, bind to the base domain of GP. The final group, Group 3,
is composed of mAbs that show very little or no binding on SP-IRIS. We reasoned
that this group of antibodies recognize an epitope of GP that is not exposed well in
the membrane-associated GP, therefore, they are likely to be non-neutralizing, which
is in fact the case for these antibodies. (Neutralization data for 3F10, 16H11, 19B3
and 19B4 was provided by USAMRIID and the neutralization data for 15H10 was
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Antibody on the Chip
13F6 13C6 6D8 1H3 4G7 2G4 KZ52
A
n
ti
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d
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V
ir
u
s 13F6 31 102 98 85 99 68 86
13C6 100 75 137 8 133 128 134
6D8 83 30 15 31 81 89 79
1H3 79 25 89 2 57 122 79
4G7 86 73 104 23 8 13 3
2G4 86 92 97 41 8 13 10
KZ52 92 110 109 92 15 20 8
Table 3.4: Competition binding data for Ebola antibodies. Antibodies from MB-
003 and ZMAb cocktails as well as KZ52 antibody were tested on SP-IRIS using
EBOV-pseudotyped VSV. The values represent the percent binding of the antibody
on the chip calculated by comparing the average signal (n = 4 spots) obtained from
the antibody on the chip in the presence of virus-mixed antibody to the average
signal obtained when it interacts with the bare virus.
obtained from a study performed by Yu et al. (2006).)
Binding domain information also makes it possible to suggest a mechanism of ac-
tion for a given antibody. For example, if an EBOV antibody is binding to MLD or
the glycan cap, this may provide an evidence for the fact that it is a non-neutralizing
antibody (Murin et al., 2014). Since the mucin-like and glycan domains are cleaved
from the GP before host cell membrane fusion, these regions are not associated with
neutralization process. Shedlock et al. (2010) showed that the cleavage of glycan
cap occurred normally in the presence of mucin-like domain binding antibody, 13F6,
showing that this antibody does not interfere with the cleavage process. Their work
also demonstrated that 13C6 antibody delays the cleavage process, which might
contribute to its neutralization activity. The fact that these antibodies provide pro-
tection in vivo can be result of a different mechanism such as antibody dependent
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cytotoxicity (ADCC). In ADCC, GP bound antibodies are recognized by the Fc re-
ceptors on the killer cells of the immune system and destroyed. On the other hand,
if an antibody binds to the base domain, it is most likely that it has neutralization
activity. Neutralization activity can be realized through several different mechanism
including prevention of membrane fusion, blocking the attachment to the host cell
and aggregation of the viruses. Therefore, based on the model presented in this sec-
tion, it is possible to predict the binding domains of the newly identified antibodies
as well as their neutralization activities.
Group 1: Group 2: Group 3
Strong binding Intermediate binding Little or no binding
13F6, 6D8, 13C6, 4G7, 2G4, KZ52 3F10, 15H10, 16H11,
1H3 19B3, 19B4
Table 3.5: Grouping of Zaire ebolavirus mAbs based on their level of binding on SP-
IRIS. Three different groups have been identified: Group 1: Strong binding group
that includes antibodies binding to the MLD or glycan cap in the GP, Group 2:
Intermediate binding group that includes base-domain binding antibodies, Group 3:
Little or no binding group for which the epitopes have not been discovered, yet.
3.5 Screening Marburg antibodies on SP-IRIS
We tested 4 different Marburg antibodies for their ability to bind to virions on
SP-IRIS using Marburg GP pseudotyped VSV. Three monoclonal antibodies were
provided by Dr. Ayato Takada (Hokkaido University) and one polyclonal antibody
was purchased from IBT Bioservices. Table 3.6 shows the signal obtained from SP-
IRIS measurements for these antibodies. 74-1, 127-8 and 45-3 antibodies showed
high affinities for MARV GP pseudotyped VSV.
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Antibody Signal on SP-IRIS
AGP 74-1 +++++
AGP 127-8 +++++
AGP 45-3 +++++
Rabbit anti-MARV GP pAb (IBT) −
Table 3.6: Signal from Marburg-pseudotyped VSV on SP-IRIS for different anti-
bodies. 74-1, 127-8 and 45-3 antibodies were provided to us by Takada Lab from
Hokkaido University.
3.6 Lassa virus (LASV)
Lassa virus (LASV) is a single-stranded RNA virus that causes acute Lassa fever
endemic to West Africa. Every year, there are an estimated 100,00 - 300,000 cases
of Lassa fever (Centers for Disease Control and Prevention, 2015a), with a mortality
rate of 15-20% for hospitalized patients. In outbreak cases, the mortality rates can
be as high as 50% (McCormick et al., 1987). Currently, there is no licensed treatment
available, however, early administration of an antiviral drug, Ribavirin, was shown
to be effective in treating the infection (McCormick et al., 1986).
LASV genome is composed of two ambisense, single-stranded RNA molecules:
small (S) segment and large (L) segment (Buchmeier et al., 2007). Viral glycoprotein
precursor (GP-C) is synthesized from one of the two genes in the S segment. GP-C
(76 kDa) is cleaved post-translationally into two subunits, GP1 (42 kDa) and GP2
(38 kDa), that stay non-covalently attached to each other (Lenz et al., 2001).
3.6.1 LASV glycoprotein structure
The current proposed model for arenavirus GP structure is a trimer of GP1/GP2
heterodimers, where GP1 constitutes a globular head subdomain and GP2 anchors
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the GP to the viral membrane (Figure 3.3) (Neuman et al., 2005; Eschli et al.,
2006). GP1 mediates virus binding to the host cell receptor, while GP2 facilitates
membrane fusion and virus entry (Cao et al., 1998; Gallaher et al., 2001). Similar
to ebolavirus glycoprotein, arenavirus GP1 has also a dense carbohydrate shield
(Eschli et al., 2006). LASV virus also produces soluble GP1 (sGP1), that is secreted
extracellularly in GP-C expressing mammalian cells, however, unlike EBOV sGP,
which is produced as a result of transcriptional editing, LASV sGP1 is likely to form
by post-translational cleavage and processing (Illick et al., 2008).
Figure 3.3: Proposed model for arenavirus glycoprotein structure. GP trimer is
composed of three GP1/GP2 heterodimers. GP1 forms the globular head domain
and mediates binding to the host cell receptor, whereas GP2 connects the GP to the
viral membrane and mediates membrane-fusion with the host cell endosome. Tree-
like structures represent carbohydrate moieties on the GP. Receptor binding sites
are shown as red circles on the GP1 subunits. Adapted from (Eschli et al., 2006).
In arenaviruses, the GP1 subunit, which contains the receptor binding site, is a
target for neutralizing antibodies that prevents the virus from binding to the host
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cell receptor (Ciurea et al., 2000). Recently, Dr. James Robinson’s group (Tulane
University) identified a number of neutralizing antibodies against LASV GP that
bind to GP1 and/or GP2 subunits. Some of these antibodies showed binding in
ELISA tests whereas some others did not show binding in ELISA, however, produced
signal in flow cytometry tests performed using LASV GP carrying pseudovirions
(Table 3.7). We have tested these mAbs provided by Dr. James Robinson on SP-IRIS
platform using membrane associated GP expressed on the surface of VSV particles.
3.6.2 Screening Lassa antibodies on SP-IRIS
To test the whole virus capture ability of 16 different Lassa antibodies provided by
Dr. James Robinson, we arrayed these antibodies on SP-IRIS substrate by using a
spotting concentration of 2-3 mg/ml. Antibodies having lower concentrations than 2
mg/ml were concentrated using a centrifuge filter (MWCO = 100K) and exchanging
the PBS twice. 8 replicate spots were created for each antibody as shown in Figure
3.4. The spotted SP-IRIS chips (2 chips, each with 8 antibodies) were incubated
with 107 PFU/ml VSV expressing LASV GP for 1 hour, washed, and analyzed for
bound virus densities on each antibody.
The results obtained from SP-IRIS are shown in Table 3.7 as well as the informa-
tion provided by Dr. James Robinson about the Lassa antibodies including ELISA
and flow cytometry data, binding domains of the antibodies and the neutralization
activities. Only 9 of the antibodies tested are listed in the table. We excluded rest
of the antibodies from this table since they did not show any signal on SP-IRIS and
we did not have extra information on those antibodies (36.1 F, 19.5 A, 4.1F, 18.5 C,
9.8 A, 37.2 G, 24.6 C). The antibodies that showed signal on SP-IRIS were 8.9 F,
12.1 F, 10.4 B, 25.10 C, 19.7 E, 37.7 H, and 13.4 E. Since 8.9 F showed the highest
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Figure 3.4: Image of the SP-IRIS chip spotted with eight of the Lassa antibodies.
The rest of the antibodies were spotted on a different chip. Spots have a diameter
of approximately 150 µm.
amount of binding among these, we selected this antibody for the detection of LASV
towards developing a multiplexed VHF panel for SP-IRIS platform. The fact that
8.9 F does not recognize solubilized GP in an ELISA assay (Table 3.7) suggests that
it is reactive against an epitope formed in the membrane-associated GP.
According to the dilution experiments we performed with the selected 8.9 F an-
tibody, we estimate a limit of detection of 105 PFU/ml for LASV GP pesudotyped
VSV. This performance, which can be considered as moderate binding level, is sim-
ilar to that of the EBOV antibodies that recognizes an epitope including GP1 and
GP2 subunits (2G4, 4G7 and KZ52). Therefore, our EBOV GP epitope mapping
model would predict an epitope that is in the vicinity of GP1 - GP2 interface for 8.9F
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Antibody Signal on Signal on Signal on Binding Neutralization
SP-IRIS ELISA FC Domain Activity
8.9 F +++ Negative* Positive GP-1/GP-2 neutralizing
12.1 F ++ Not tested Positive GP-1 neutralizing
10.4 B ++ Not tested Not GP-1 weak
tested neutralizing
25.10 C ++ Not tested Positive GP-2 neutralizing
19.7 E + Not tested Positive GP-1 neutralizing
37.7 H + Not tested Positive GP-2 neutralizing
13.4 E + Strong Weak GP-2 linear non-neutralizing
Positive* positive epitope
37.2 D − Strong Positive GP-2 neutralizing
Positive**
2.4 F − Strong Weak GP-1 non-neutralizing
Positive* positive
Table 3.7: List of Lassa antibodies tested on SP-IRIS and the signal level obtained
for each antibody. Only nine out of 16 antibodies are shown. Rest of the antibodies
did not show any signal on SP-IRIS and also we did not have any information (ELISA
data etc.) related to these antibodies. * refers to ELISA tests performed by Dr.
James Robinson’s group in Tulane University. ** refers to ELISA tests performed
by our group. FC data (flow cytometry with membrane expressed GP), binding
domain and neutralization activity information were also provided by Dr. James
Robinson.
antibody, which is the proposed binding domain for this antibody as a result of the
work done by Dr. James Robison’s group. Based on this binding domain informa-
tion, 8.9 F antibody is most likely to show its neutralization activity by interfering
with membrane fusion mechanism. We predict that identifying an antibody recog-
nizing the receptor binding site on GP1 subunit would help improve the sensitivity
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of LASV GP pseudotyped VSV detection since this region is less glycosylated, hence
more accessible for antibody binding.
3.7 Testing multiplexed VHF panel with bona fide Ebola, Marburg, and
Lassa viruses
Tests with real viruses were performed in the BSL-4 facility at University of Texas
Medical Branch (UTMB) using commercialized SP-IRIS instrument (NexGen Arrays,
LLC) and SP-IRIS chips prepared by us. The chips were spotted with the selected
antibodies for each virus type: 13F6 for Zaire ebolavirus, AGP 74-1 for Marburg
virus and 8.9F for Lassa virus. Following washing of the spotted chips, we performed
QC evaluation for each chip to ensure that antibody immobilization level is optimal
and spots are clean and have uniform morphologies. Pre-scanning of the chips were
performed with another SP-IRIS instrument at Boston University before shipping the
chips to UTMB and the chips were coated with a microarray stabilizer (StabilGuard,
SurModics) to improve their shelf-life until use.
3.7.1 Detection of Ebola, Marburg and Lassa viruses from cell culture
samples
EBOV (Kikwit strain) dilutions were prepared from supernatant of infected cell
cultures (in EMEM with 10% FBS). Stock virus titer was 1.12 × 107 PFU/ml. 10-
fold dilutions were prepared from this stock down to 102 PFU/ml using assay diluent
(1X PBS with 7.5 mM EDTA and 7.5 mM EGTA) we provided. For LASV (Josiah
strain), 10-fold dilutions were prepared from 1.17× 106 PFU/ml stock down to 102
PFU/ml. MARV (Angola strain) dilutions were prepared similarly from a stock
titer of 107 PFU/ml. SP-IRIS chips were incubated with 1 ml of these dilutions
72
for 1 hour at 37°C in a 24-well plate. One chip was incubated with cell media as
negative control. After incubation, the chips were washed with Wash A (same as
assay diluent) and Wash B (0.1X PBS) and rinsed in Wash C (Nanopure water).
Post-scans were done at UTMB and images were analyzed by us.
Table 3.8 shows the results of the tests with +/- signs to indicate whether a given
virus titer was detected as positive or not. For EBOV, SP-IRIS was able to detect
the samples with virus titers of 107, 106 and 105 PFU/ml. For LASV, the lowest
titer that SP-IRIS was able to detect was the stock titer, 106 PFU/ml. For MARV,
we were able to detect the dilutions with titers of 107, 106, 105, and 104 PFU/ml.
Concentration
Virus 107 106 105 104 103 102
EBOV + + + − − −
LASV NT + − − − −
MARV + + + + − −
Table 3.8: Results of real virus testing performed at a BSL4 facility (UTMB, TX)
using SP-IRIS. EBOV (Kikwit strain), LASV (Josiah strain) and MARV (Angola
strain) samples were prepared from infected cell cultures.
3.7.2 Detection of Ebola virus (Makona strain) from NHP Serum
SP-IRIS chips were incubated with the following samples: 10-fold diluted serum of
a Zaire ebolavirus infected NHP (Makona strain) collected on day 8, supernatant of
cell culture infected with EBOV (Makona strain) and cell culture medium as negative
control. Serum dilution was done with the assay diluent provided by us (1X PBS
with 7.5 mM EDTA and 7.5 mM EGTA). After incubation, the chips were washed
as described above for the infected cell culture testing. Results are summarized in
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Table 3.9, with +/- signs showing the presence of signal on SP-IRIS.
Sample Signal on SP-IRIS
Naive NHP sera −
Makona Cell supernatant +
Makona day 8 NHP serum +
Table 3.9: Results of Zaire ebolavirus (Makona strain) detection from cell culture
and NHP serum samples on SP-IRIS. Naive NHP serum was uninfected NHP serum
that was used as a negative control.
3.8 Conclusion
In this chapter, we identified antibodies against ebolavirus, marburgvirus and lassa
virus glycoproteins in order to develop a multiplexed viral hemorrhagic fever diag-
nostic panel to be used in SP-IRIS platform. Specifically, we identified monoclonal
antibodies capable of recognizing membrane expressed GPs of Zaire, Sudan, Ta¨ı For-
est, Bundibugyo and Reston species of ebolavirus, Marburg virus and Lassa virus.
This work enabled us to differentiate between the ebolavirus, marburgvirus and lassa
virus as well as between Zaire, Sudan, and Bundibugyo species of ebolavirus. Al-
though 3F10 antibody showed signal for Ta¨ı Forest and Reston species, it also showed
signal with other strains of ebolavirus, therefore, we were unable to find specific an-
tibodies against these two species.
Moreover, we created a model to correlate an antibody’s binding level on SP-
IRIS to its specific epitope on GP using the information available for Ebola virus
antibodies. We grouped the monoclonal antibodies into three different groups based
on the signal level obtained on SP-IRIS. Each group had a specific domain on the GP
suggesting that there exists a correlation between the signal level on SP-IRIS and
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specific epitope on GP. This model also allowed to us evaluate the Lassa antibodies
similarly and make inferences about the epitopes of neutralizing antibodies against
Lassa GP.
We also utilized SP-IRIS in a competition binding assay to investigate the inter-
actions between the monoclonal antibodies that have shown protection in EBOV -
infected NHPs. Our results demonstrated similarity to the results of a previously
performed competition assay by another group as well as an additional information
for the competition of antibodies in the ZMAb cocktail. We found that 2G4 and 4G7
antibodies in the ZMAb cocktail decrease the binding of the third antibody in the
cocktail, 1H3, significantly, whereas the binding of 13C6 antibody, which is the only
different antibody in ZMapp cocktail, is not affected greatly. Based on our finding,
we were able to provide an explanation for the improved efficacy of ZMapp cocktail
over ZMab.
Three different applications of SP-IRIS presented in this chapter (high-throughput
antibody screening, epitope mapping of protective antibodies and competition bind-
ing assays) have important implications in the development of viral diagnostics and
antibody-based therapeutics.
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Chapter 4
DNA-Directed Antibody Immobilization for Enhanced Detection of
Viruses on SP-IRIS
4.1 Introduction
Protein microarrays are commonly used in many applications, including biomarker
detection, protein-protein interaction analysis, and drug screening (MacBeath and
Schreiber, 2000; Glo¨kler and Angenendt, 2003). Although protein microarrays have
the potential to be powerful tools for many proteomics and diagnostics applications,
technical challenges related to the microarray production limit the capabilities of
this technology. Traditional surface chemistries such as amine-reactive surfaces might
affect antibody activity by masking the antigen binding sites due to multiple covalent
interactions between the antibody and the surface (Schwenk et al., 2007; Sun et al.,
2013). In addition, some antibodies might lose their activity due to steric hindrance
by the surface and adjacent antibody molecules (Peluso et al., 2003). Moreover, issues
such as non-uniform spot morphologies and variable protein immobilization within
and across microarrays affect the accuracy and robustness of the assay (Romanov
et al., 2014; Nielsen and Geierstanger, 2004; Seurynck-Servoss et al., 2007b; Deng
et al., 2006; Mace et al., 2008).
To address these issues affecting the performance of protein microarrays, re-
searchers have explored alternative ways of protein immobilization that facilitates
antibody activity and improves the assay robustness and sensitivity. Recent devel-
opments in the bioconjugation field has made it possible to easily modify molecules
to allow generation of versatile surface chemistries for protein immobilization. One
76
alternative technique, DNA directed antibody immobilization (DDI), has been sug-
gested to combine the robustness of DNA microarrays with the diagnostic utility of
proteins through the use of DNA-protein conjugates to functionalize a DNA surface
for subsequent antigen capture (Niemeyer et al., 1999a; Ladd et al., 2004; Wacker
and Niemeyer, 2004; Boozer et al., 2006; Bailey et al., 2007; Fan et al., 2008; Bano
et al., 2009; Fruk et al., 2009; Schroeder et al., 2009; Washburn et al., 2011).
In DDI, antibodies are linked to the surface of the microarray through a multi-
step process. First, DNA oligos with specific sequences are attached to unique spots
on a microarray chip. Each antibody is covalently bound to a specific DNA sequence
that is complimentary to the surface spotted DNA. The antibodies assemble on their
complementary ssDNA probes on the sensor surface via sequence specific DNA-DNA
hybridization (Figure 4.1). This immobilization approach has several advantages over
direct covalent attachment of antibodies. Previous studies demonstrated that DNA-
tethered antibodies provide increased antigen binding capacity (Washburn et al.,
2011), improved spot homogeneity (Wacker et al., 2004) and assay reproducibility
(Wacker and Niemeyer, 2004; Wacker et al., 2004) compared to covalently attached
antibodies. Using DNA linkers as a spacer between the sensor surface and the im-
mobilized molecules potentially enhances the availability of binding sites for analyte
capture by decreasing the steric hindrance and allowing more favorable orientations
for binding due to flexibility. Moreover, DNA microarray production is less labori-
ous than protein microarray fabrication due to easy optimization of DNA printing.
Additional advantages of DNA-directed antibody immobilization include the ability
to reprogram the sensor surface by using a different set of antibodies conjugated to
the same DNA sequences, resilience of DNA microarrays to conditions such as high
temperature required during microfluidics fabrication and surface regeneration by
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dehybridization of the antibody-DNA conjugates.
In this chapter, we explore the use of DNA-directed immobilization in combi-
nation with SP-IRIS to detect VSV pseudotpyes. Previous studies utilizing DNA
linkers for protein immobilization and subsequent antigen detection used techniques
that require labeling such as fluorescence microscopy (Mace et al., 2008; Wacker and
Niemeyer, 2004; Fruk et al., 2009), or that consist of complicated optical platforms
such as surface plasmon resonance (SPR) (Deng et al., 2006; Niemeyer et al., 1999a;
Bailey et al., 2007; Schroeder et al., 2009) and micro-ring resonators (Bano et al.,
2009). In this chapter, we show the feasibility of detection of individual viruses
on a DNA surface functionalized with antibody-DNA conjugates using SP-IRIS, a
technique that has a great potential as a rapid viral diagnostic platform.
We first evaluate the axial position of the antibodies in the antibody-DNA con-
jugates hybridized to DNA probes of different lengths on a 3-D polymeric surface
using SSFM. Previously published work suggests that immobilized antibody proper-
ties such as the antibody orientation and the elevation from the sensor surface result
in improved antibody capture efficiency (Wacker et al., 2004; Cha et al., 2005; Guil-
leaume et al., 2005). Therefore, it is important to characterize the surface properties
and its effect on antibody immobilization in order to optimize the target capture on
the microarray surface. Although, one previous study used atomic force microscopy
(AFM) to measure the height of a streptavidin-DNA conjugate and subsequent height
increase upon binding of biotinylated IgG molecules (Bano et al., 2009), this work
did not address the effect of DNA probe length on the axial position of the antibody.
Furthermore, this work utilized a 2-D gold substrate for DNA immobilization, which
was reported to have around fifty times less immobilization than the 3-D polymeric
coating used in our work (Steel et al., 2000; Ozkumur et al., 2009). Since increased
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surface coverage and 3-D structure of the polymer can greatly affect the orientation
and behavior of the immobilized molecules, it is crucial to evaluate and optimize the
probe properties in the context of this surface chemistry.
Following optimization of the DNA probe length for DDI technique, we compared
the virus capture efficiencies of the DNA-tethered antibodies and directly spotted an-
tibodies. We also compared these antibody immobilization techniques in terms of
sensitivity in a virus detection experiment on SP-IRIS platform using a VSV pseu-
dotype (genetically engineered VSV that expresses surface glycoproteins of Ebola
virus) as a model virus. We showed that the DNA-encoded antibodies improve the
virus capture efficiency, resulting in an improvement of the assay sensitivity. The
improvements provided by the DDI approach will have implications for transforma-
tion of SP-IRIS platform into a sensitive and robust technology for viral diagnostic
applications.
4.2 Experimental section
Materials and reagents HPLC purified 5’ - Aminated ssDNA molecules were pur-
chased from Integrated DNA Technologies. Atto647 fluorophore labeled 60-bp DNA
(also 5’ - Aminated) was synthesized by IBA GmbH (Goettingen, Germany). Mon-
oclonal antibodies against VSV glycoprotein (8G5) and EBOV glycoprotein (13F6)
were provided by Prof. John H. Connor and Mapp Biopharmaceutical, respectively.
All buffers were prepared with filtered deionized (dI) water (Barnstead, NANOpure
Diamond).
Antibody - DNA conjugate synthesis Antibody - DNA conjugates were syn-
thesized using Thunder - Link Oligo Conjugation Kit (Innova Biosciences). DNA
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Figure 4.1: (a) The images of an SP-IRIS chip and an assembled microfluidic
cartridge for in-liquid SP-IRIS measurements (b) A schematic representation of SP-
IRIS substrate surface with ssDNA spots and the conversion of this DNA chip into
a multiplexed antibody array through hybridization of antibody - DNA conjugates.
concentration used in the reaction was optimized to yield 1 - 2 DNA sequences per
antibody. 40 µM 5’ - Aminated ssDNA was reacted with 1 mg/ml monoclonal anti-
body (8G5 or 13F6) according to the manufacturer’s instructions. After conjugation,
the concentration of the antibody - DNA conjugates (protein part of the conjugate)
was measured by Bradford assay and the DNA concentration was measured from
the absorbance at 260 nm using NanoDrop (Thermo Scientific). Both 8G5 and 13F6
mAb conjugates were measured to have a DNA - to - antibody ratio of approximately
1.5, which indicates that some of the antibodies carried one DNA strand whereas
some others carried two. DNA sequences that are used for conjugation to the mon-
oclonal antibodies (A and B sequences) and their complementary surface probes (A′
and B′) are summarized in Table 4.1. DNA sequences were designed by using Oligo-
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Analyzer tool (Integrated DNA Technologies) to minimize the hairpin, self-dimer
and heterodimer structures to increase the hybridization efficiency and prevent cross
hybridization. 5 - bp polyA sequence was added as a spacer to the antibody - linked
DNA sequences. Antibody - DNA conjugates will be denoted in the text by adding
the letter representing the DNA sequence to the antibody name as follows: 8G5 -
DNA ‘A’, 13F6 - DNA ‘B’, for antibodies against wild - type VSV (WT - VSV) and
Ebola GP pseudotyped VSV, respectively.
Antibody Oligo sequence conjugated to
the antibody (5’-Aminated)
Oligo sequence immobilized on
the surface (5’-Aminated)
Anti-VSV-GP
(8G5)
A: 5’AAAAAGCCTACGAA
TGAACAGACTG3’
A′: 5’ATATGTACCCACCGC
ATTCTCAGTCTGTTCATTC
GTAGGC3’
Anti-EBOV
GP (13F6)
B: 5’AAAAATACAGAGTTA
GTCGCAGTGG3’
B′: 5’ATCCGACCTTGACAT
CTCTACCACTGCGACTAA
CTCTGTA3’
Table 4.1: DNA sequences conjugated to the antibodies and their corresponding
surface probes. Complementary regions between the two sequences are underlined.
To optimize the DNA/antibody ratio in the Ab - DNA conjugates, we performed
conjugations using different starting concentrations of DNA (ranging between 24 -
80 µM) and analyzed the resulting DNA/Ab ratios. The desired ratio is around
1 to improve the flexibility of the antibodies by decreasing the number of surface
attachment points. Figure 4.2 shows the relationship between the DNA concentration
used for the conjugation reaction and the resulting DNA/Ab ratios. The ratios
obtained varied between 0.8 - 2.3. The ratio increases as the DNA concentration
increases and the increase becomes much slower above a DNA concentration of 60
µM. Based on these results, a DNA concentration range of 30 - 40 µM was determined
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as the optimal range.
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Figure 4.2: Optimization of DNA concentration for the antibody conjugation re-
action. An optimal DNA concentration range (30 - 40 µM) was determined in order
to obtain a DNA/Ab ratio between 1- 2.
Determination of axial position of antibody - DNA conjugates hybridized
to different lengths of DNA on the surface 20 mer, 40 mer, and 60 mer ssDNA
surface probes (all complementary to the A sequence at the 3’ end) were spotted on
a polymer coated SSFM chip along with a control DNA sequence with a fluorophore
tag (Atto647) on the proximal end. The spotted and washed chip was incubated
with 5 µg/ml 8G5 - DNA ‘A’ conjugate for 1 hour on a shaker and washed with PBS
twice, 0.5 M sodium nitrate buffer twice, each 1 minute, and then dipped in cold 0.1
M sodium nitrate buffer (Hill and Mirkin, 2006). The chip was then incubated with
10 µg/ml fluorescent secondary antibody (Alexa Fluor @635 goat anti-mouse IgG,
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Life Technologies) for 1 hour and washed as before. The chip was assembled into a
customized flow cell (Zhang et al., 2014) which was fixed onto a two-axis positioning
micro-stage. The flow cell was filled with PBS and the fluorescence emission was
recorded using SSFM for each spot, 18 replicate spots for each probe type.
Biomass measurements of surface antibody densities and subsequent in-
liquid virus detection experiments For biomass measurements of surface probes,
the chips were functionalized with MCP-2 polymer. This polymer is able to produce
antibody surface densities varying over a larger range (ranging over a factor of ∼10)
by changing the spotting concentration (Ozkumur et al., 2009). For investigating the
effect of antibody density on the captured virus density, 13F6 mAb was spotted at
six different concentrations (5.3, 4.3, 3.1, 2.0, 0.9, and 0.3 mg/ml) with 6 replicate
spots for each concentration on both a 100 nm - oxide chip for biomass quantification
and a 30 nm - oxide chip for in - liquid single particle detection experiments. To be
able to create a varying degree of immobilization for 13F6 - DNA ‘B’ conjugate, B′
probe was also spotted at 6 different concentrations on 30 nm - oxide and 100 nm
- oxide chips. B′ was mixed with another aminated ssDNA sequence (which is not
complementary to the 13F6 - DNA ‘B’ conjugate) to keep the total spotted DNA
concentration the same (30 µM) while changing the percentage of the B′ sequence
in this mixture (100%, 80%, 60%, 40%, 20%, 10%). The method of decreasing the
spotting concentration as done with the antibodies could not be performed for DNA
spots, because, at low concentrations of DNA, spot size decreases and spot morpholo-
gies/shapes become non-uniform due to the low molecular weight of DNA compared
to antibody, affecting the quantification. Two separate SP-IRIS chips (one 30 nm -
oxide and one 100nm - oxide) were also spotted with a non - complementary DNA
sequence and 8G5 mAb as negative control chips.
83
After spotting, the chips were washed as mentioned in Section 2.4.2 and 100 nm
- oxide chips were scanned with IRIS set - up to obtain the directly immobilized
antibody spot heights and initial ssDNA spot heights. For obtaining the height
increase of DNA spots upon hybridization with DNA - conjugated antibody, the DNA
chip and the negative control chip were incubated with 13F6 - DNA ‘B’ conjugate
(at 5 µg/ml in PBS with 1% BSA) for 1 hour in a 24-well plate on a shaker. After
incubation was done, the chips were washed with PBS twice, 0.5 M sodium nitrate
buffer twice, each 1 min, and then dipped in cold 0.1 M sodium nitrate buffer and
dried with nitrogen. The height increase of each spot due to the hybridization of
13F6 - DNA ‘B’ conjugate to the complementary sequence on the DNA chip and
the negative control chip was calculated by scanning the chip again with IRIS and
subtracting the initial ssDNA spot height from the post - hybridization spot height
for each spot. We further subtracted the thickness contributed by the DNA sequences
attached to the antibody to give only the antibody thickness on a given DNA spot.
Then, the height increase was averaged over 6 spots for each concentration of DNA.
Directly immobilized antibody spots heights were also averaged for 6 spots for each
concentration of 13F6 antibody and for the 8G5 antibody.
Single virus detection experiments were done in - liquid by mounting both the
antibody and DNA chips (30 nm - oxide chip) into two different microfluidic car-
tridges. For DNA spotted chip, first, 13F6 - DNA ‘B’ conjugate was flowed at a
concentration of 5 µg/ml in PBS with 1% BSA for 1 hour followed by a 400 µl PBS
wash step. Then, SP-IRIS images of 6 spots for each concentration were acquired to
obtain the pre-incubation particle counts. Next, 104 PFU/ml EBOV pseudotyped
VSV was flowed over the chip for 30 minutes. At the end of the incubation period,
the channel was washed with 400 µl PBS and the spots were scanned with SP-IRIS
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again. The antibody chip was also incubated with the same virus dilution for 30 min-
utes with acquisitions of 6 spot images per different density both before and after
the virus solution flow. The images were then analyzed for bound virus particles for
each spot. The net particle densities were calculated by subtracting pre-incubation
particle counts from the post - incubation particle counts and dividing this by the
analyzed spot area. The particle densities were averaged over 6 spots for each con-
centration for both directly immobilized antibody and DNA chips. The 30 nm - oxide
negative control chip was mounted in a different cartridge and incubated with first
the 13F6 - DNA ‘B’ conjugate and then the same virus dilution as the two previous
cartridges.
Determination of limit of detection (LOD) for EBOV pseudotyped VSV
detection For the comparison of directly immobilized 13F6 mAb and DNA - con-
jugated 13F6 mAb in terms of LOD for EBOV GP pseudotyped VSV detection,
13F6 mAb and 5’ - Amine - modified B′ sequence were spotted on 30 nm - oxide
SP-IRIS chips at a concentration of 3 mg/ml and 30 µM, respectively. Spotted and
washed chips were mounted in the microfluidic cartridge and 5 µg/ml of 13F6 - DNA
‘B’ conjugate (in PBS with 1% BSA) was flowed at a rate of 3 µl/min for 30 min-
utes. After washing the channel with 400 µl PBS, the EBOV pseudotyped VSV in
PBS with 1% BSA (five different titers in the range of 500 - 32000 PFU/ml) was
flowed at the same rate for 1 hour. This experiment was performed on a different
chip/microfluidic cartridge for each different titer. The SP-IRIS image acquisition
was done before the virus flow and at the 15th and 60th minutes of the incubation
for directly spotted 13F6 spots and DNA spots, 5 replicate spots each. Captured
virus densities were calculated by subtracting the initial particle counts from the
t = 15 min and t = 60 min images for each spot and dividing the virus count by the
85
analyzed area.
Validation of specificity of antibody - DNA conjugates on SP-IRIS To
demonstrate the specific virus detection capability of antibody - DNA conjugates on
SP-IRIS, two different ssDNA sequences (A′ and B′) were spotted on a polymer -
coated 30 nm - oxide SP-IRIS chip and washed as described previously. After the
chip was assembled into the microfluidic cartridge, a mixture of 8G5 - DNA ‘A’ and
13F6 - DNA ‘B’ conjugates were flowed through the channel at a concentration of 5
µg/ml in PBS with 1% BSA for 30 min and washed by flowing 400 µl PBS. Then,
WT - VSV was flowed at a titer of 5 x 105 PFU/ml for 30 min followed by a 400 µl
PBS wash. Next, the EBOV-pseudotyped VSV was flowed at a titer of 104 PFU/ml
for 30 min. During the experiment, images of A′ and B′ spots were taken with 1
min intervals by switching the FOV between these two spots. Virus particles bound
to the DNA spots were detected and virus densities were calculated for each spot at
each time point.
4.3 Results and discussion
4.3.1 Optimization of antibody height from the sensor surface
We first investigated the axial positions of antibodies immobilized on a 3-D polymeric
surface via both direct covalent attachment and via DNA - DNA hybridization. Our
purpose was both to compare the axial positions of directly immobilized antibody
and DNA - tethered antibodies, and to optimize the DNA probe length to be used for
the DDI technique for the future virus detection experiments. To this end, polymer
coated SSFM chips were spotted with unmodified 8G5 antibody, ssDNA probes of
three different lengths (20 bp, 40 bp and 60 bp) and a control ssDNA sequence (60
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bp, with Atto647 label at the surface - proximal end), 18 replicate spots for each
condition. The chip was first incubated with 8G5 - DNA ‘A’ conjugate which is fully
complementary to the 20 bp probe (except for the 5 bp spacer sequence) and par-
tially complementary to 40 bp and 60 bp probe sequences and then with fluorophore
labeled secondary antibody (Figure 4.3). Figure 4.4 demonstrates the effect of DNA
probe length on the average fluorophore heights that are calculated by subtracting
the average polymer thickness from the fluorophore - to - surface distance to yield
the average axial positions of 2° antibody - 1° antibody - DNA complexes. Average
polymer thickness (average height of binding sites in the polymeric scaffold) was mea-
sured from the control DNA sequence that was labeled with Atto647 fluorophore at
the 5’ end (surface - proximal). Table 4.2 summarizes the average fluorophore heights
and standard deviation values from the Figure 4.4. Without any DNA linkers, an-
tibody complex had an average axial height of 11.8 nm. This is in good agreement
with our previous SSFM results that showed an average ∼6 nm axial height for Cy3 -
labeled 8G5 mAb directly spotted on the polymer (data not shown). Having a 20mer
DNA tether (double stranded after hybridization) increases the average height of 2°
antibody - 1° antibody complex by 5.8 nm. This height increase is smaller than the
expected increase for a fully extended length of a 20 bp DNA sequence (6.8 nm).
This is an expected result since short dsDNA molecules can assume different orien-
tations and random rotations due to thermal fluctuation in the polymeric scaffold,
resulting in reduced average axial fluorophore height (Zhang et al., 2014). More-
over, DNA molecules penetrate into the polymer and distribute themselves axially
depending on the length of the DNA. Shorter DNA sequences might penetrate into
the polymeric scaffold deeper, which might also have contributed to lower increase
in average fluorophore height than expected. 40mer DNA probe, 20 bp of which
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is complementary to the Ab - DNA conjugate, elevates the antibody a further 8.3
nm, which is more than what is expected from the addition of another 20 bp long
DNA. This large increase in height for the 40 bp spacer is due to the fact that longer
DNA strands immobilize at higher axial positions in the polymer scaffolds and steric
hinderance and electrostatic repulsion orients the DNA molecules. The fluorophore
height increases an additional 2.4 nm for the 60 bp probe case. Based on the 40 bp
results, the height increase is less than the expected and is most likely due to the fact
that the ssDNA portion of the 60 bp (40 bp) assumes a random coil conformation
which decreases the height of the antibody (Singh-Zocchi et al., 2003). This implies
that additional 20 bp contributes only little to the elevation from the surface. We
selected the 40 bp as the optimal probe height since it provided substantially greater
elevation of the antibody from the surface when compared to the 20mer probe. 60
bp probe does not provide a significant advantage over 40 bp probe and also, it is
easier to overcome design challenges such as formation of secondary structures with
the selection of a shorter DNA probe.
Antibody-DNA Complexes Average Fluorophore Height (nm)
1° Antibody - 2° Antibody 11.80 ± 0.64
20 mer - 1° Antibody - 2° Antibody 17.62 ± 1.03
40 mer - 1° Antibody - 2° Antibody 25.97 ± 1.23
60 mer - 1° Antibody - 2° Antibody 28.36 ± 1.57
Table 4.2: Average fluorophore heights of 1° and 2° antibody complexes that are
immobilized on different length DNA probes as shown in Figure 4.3. Given values
are the mean of average fluorophore heights obtained from 18 replicate spots and the
standard deviation of the mean.
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Figure 4.3: (a) Fluorescence emission spectra of the fluorophores measured from a
single spot for both the direct immobilization (dashed line) and the antibody-DNA
conjugate hybridized to a 40mer surface probe (solid line). Other cases were not
shown in the graph for the sake of simplicity. (b) A schematic representation of
SSFM substrate and the antibodies immobilized on DNA probes of different lengths.
Baseline film thickness (shown by the dashed line in the polymer) is measured by
immobilizing a control DNA sequence with a surface-proximal fluorophore. ∆h rep-
resent the average axial heights of the fluorophores attached to the 2° antibody from
the baseline film thickness.
4.3.2 Validation of the activity of antibody-DNA conjugates
To test the activity of 8G5 - DNA conjugate for binding to its target, we first per-
formed biomass measurements of the conjugate hybridization and virus binding. We
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Figure 4.4: The effect of DNA probe length on the axial position of the antibody.
The antibody - DNA conjugates hybridized to DNA probes of different length, as il-
lustrated in Figure 4.3, were detected with fluorescently labeled 2° antibody. Average
fluorophore heights were measured in PBS using SSFM and plotted as a function of
DNA probe length. Data points for 0, 20, 40 and 60 bp DNA were connected through
a dashed line as a guide to the eye to show the significant height increase between
the 20 bp and 40 bp DNA probes.
immobilized 8G5 antibody, DNA A′ probe and a non-complementary DNA sequence
on a polymer-coated chip. After washing the chip, we scanned it with IRIS and then
we incubated it with 8G5 - DNA “A” conjugate (5 µg/ml in PBS with 1% BSA) for
1 hour. The chip was washed and scanned with IRIS. Next, we incubated the chip
with 107 PFU/ml WT - VSV for 1 hour in a 24-well plate on a shaker. At the end of
the incubation period, we washed the chip and scanned with IRIS again. Figure 4.5
shows the IRIS chip images at each step and the surface heights in nm as measured
with IRIS set-up.
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After hybridizing with the complementary antibody - DNA, A′ probe surface
height increased from 0.6 nm to 1.6 nm, whereas a significant height change was not
observed with 8G5 antibody and negative DNA spots. After the addition of WT
- VSV, DNA A′ surface height further increased to 3.9 nm, indicating a 2.3 height
increase upon virus binding. On the other hand, 8G5 antibody height increased
only by 0.6 nm. These results show both the antigen recognition ability of the DNA
conjugated 8G5 mAb and also its increased binding capacity compared to the directly
immobilized 8G5 antibody. The grayscale images show the increase in the surface
biomass as increase in the brightness of the spots.
4.3.3 Comparing of capture efficiencies of directly immobilized and DNA-
tethered 13F6 mAb: EBOV-GP pseudotyped VSV detection on
SP-IRIS
For this experiment, both types of IRIS measurements (biomass quantification and
single-particle imaging) were performed and the correlation between the surface an-
tibody density and the captured virus density was investigated for both directly
immobilized and DNA-tethered 13F6 mAb. In Figure 4.6, the average spot heights
(1 nm of surface thickness corresponds to 1.2 ng/mm2 of antibody density) obtained
from biomass measurements were plotted against the average captured virus densities
for different degrees of immobilization on the surface (n = 6 replicate spots). The
EBOV-pseudotyped VSV titer used for this experiment was 104 PFU/ml. This con-
centration was selected since it provides a good amount signal without saturating the
spot images with particles, allowing the particle detection algorithm to find the in-
dividual particles more accurately. For directly immobilized 13F6, the signal density
(captured virus count / mm2) increases linearly with the immobilized antibody den-
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Figure 4.5: Confirmation of antibody activity for its target after DNA conjugation
using IRIS biomass measurements. (a) Schematic representation of the IRIS chip
spotted with three different probe types: 8G5 antibody, 40mer DNA and a negative
DNA sequence. (b) IRIS images of the chip at different stages of the experiment: be-
fore hybridization of 8G5 - DNA “A” conjugate, after hybridization of the conjugate
and after incubating with WT-VSV. (c) IRIS surface height measurements for three
different stages of the experiment. DNA A’ probe, which is complementary to 8G5 -
DNA “A”, shows height increases after both conjugate and virus addition, showing
the conjugate’s ability to recognize its target. We also observe that height increase
of the DNA A’ probe is higher for the virus incubation step than that of covalently
immobilized 8G5, showing increased binding capacity of DNA - conjugated 8G5.
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sity. Virus capture for the DNA - tethered 13F6, 13F6 - DNA ‘B’, on the other hand,
reaches the maximum virus capture with an antibody spot height as low as 0.6 nm
corresponding to a surface density of 0.72 ng/mm2. Directly immobilized antibodies
require approximately 6 times denser immobilization to reach the maximum virus
capture. It is also important to note that the maximum virus density for the DNA
- conjugated antibody is higher than that of the unconjugated antibody. The fact
that the unmodified antibodies cannot reach the virus capture level of DNA-linked
antibodies even at the highest surface density provides evidence for the hypothesis
that not all of the antibodies on the surface remain functional either due to blockage
of binding sites resulting from the surface attachment mechanism or steric hindrance
between the antibody molecules. DNA - conjugated antibodies, on the other hand,
are tethered to the surface via one or two DNA linkers, which can help expose the
antigen binding sites. Also, the significant elevation of the antibodies from the sur-
face, as shown by our SSFM experiments (∼ 14 nm), may provide increased flexibility
and decreased steric hindrance from the surface and adjacent antibody molecules.
Overall, these results indicate that the DNA - conjugated antibodies show increased
capture efficiency compared to covalently attached antibodies. The fact that the
capture efficiency is not greatly affected by the level of immobilization and the op-
timal performance is observed over a large range of immobilization densities has
implications for the increased reproducibility and robustness of the assay. This can
also allow bypassing the tight quality control of immobilization density for antibody
microarrays. These results also suggest that DNA-directed immobilization technique
offers the easy adaptation of the assay for the use with different capture probes that
have different immobilization characteristics without the need for optimization of the
spotting process.
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Figure 4.6: (a) Left IRIS image shows different densities of B’ sequence upon
hybridization with the 13F6 - DNA “B” conjugate. Right image shows unmodified
13F6 spotted at different concentrations. (b) Effect of surface antibody density (1
nm = 1.2 ng/mm2) on virus capture efficiency for both unmodified antibody and
DNA - conjugated antibody. Average virus densities (n = 6 spots) obtained from
SP-IRIS images were plotted against the average optical thickness of the antibody
spots. The ellipses indicate the range of surface antibody heights where the optimal
virus capture occurs. DNA-conjugated 13F6 performs optimally over a larger range
of surface densities compared to the directly spotted antibody.
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4.3.4 Determining the assay sensitivity for EBOV-pseduotyped VSV
detection: Comparing directly immobilized and DNA-conjugated
13F6 mAb
We wanted to determine how the improvement in the capture efficiency of DNA-
conjugated 13F6 antibody, as shown by our results in the previous section, affects
the assay sensitivity. For this purpose, we spotted B′ sequence and 13F6 antibody
on SP-IRIS chips. We performed EBOV-GP pseudotyped VSV detection experi-
ments using different virus titers and incubation times with both the covalent and
the DNA-directed immobilization approaches. We inspected the spotted chips for
the immobilization density of the covalently attached antibodies to ensure that they
are in the optimal range (4 - 5 nm). We tested different virus titers in the clinically
relevant range (103 - 104 PFU/ml) and different incubation times (15, 30 and 60
minutes). For all experiments, we first performed DNA-directed immobilization of
13F6 antibody by flowing the 13F6 - DNA “B” conjugate over the chip at a concen-
tration of 5 µg/ml in PBS with 1% BSA for 30 min. Next, we washed the channel by
flowing 400 µl PBS, flowed EBOV pseudotyped VSV, and analyzed virus densities
captured on both DNA-conjugated 13F6 spots and directly attached 13F6 spots.
Figure 4.7 shows the comparison of virus densities for the two types of immobi-
lization techniques. Each data point, indicated by a letter next to them, represents
average densities (n = 6 spots) obtained from an independent experiment. (Please
refer to Table 4.3 for experimental conditions specifying the virus titers and incuba-
tion times used in a given experiment.) These results show that the capture efficiency
of the DNA-linked antibodies is higher than that of the covalently attached antibod-
ies across different experiments performed with various virus titers and incubation
times. Capture efficiency improvements are also reflected in the virus density ratios
95
given in Table 4.3. The increase in the capture efficiency is much higher at low
titers of the virus and also at shorter incubation times, shown by A, B, C, D data
points. This is an expected result since at lower concentrations of the virus, there
are fewer targets available for binding, and the number of binding events decreases
significantly, decreasing the capture efficiency. Therefore, it becomes more critical
for the immobilized antibodies to be available for binding. DNA-conjugated antibod-
ies, as discussed earlier, are elevated significantly from the surface into the solution,
increasing their accessibility. Moreover, they are more likely to expose their bind-
ing sites due to increased flexibility attributed by the DNA linkers. Similarly, the
flexibility and accessibility plays an important role in the faster binding of the DNA-
conjugated antibodies, resulting in improved binding capacity at shorter incubation
times for a given concentration (D vs E in Figure 4.7). As the virus concentration
and/or incubation time increases, the number of binding events increases and the
differences between the capture efficiencies become smaller. This is clearly seen by
the data points E, F and G (104 PFU/ml, 30 minutes) that are between the density
ratio lines of 1 and 2.
We also performed EBOV-GP pseudotyped VSV detection with serially diluted
virus samples in the range of 32000 - 500 PFU/ml to determine the LOD using both
immobilization techniques. Figure 4.8 shows the detected virus density in units of
particle count per mm2 for directly immobilized and DNA - conjugated 13F6 spots
as a function of virus concentration for 1 hour incubation (n = 5 spots). DNA - con-
jugated 13F6 captures significantly more viruses compared to directly immobilized
13F6 for all titers of the virus, which is consistent with our previous results (Fig-
ure 4.7). Detection threshold (shown as the dashed line in Figure 4.8) is calculated
as the average of the signal densities from five 13F6 spots (both direct or DNA-
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Figure 4.7: Comparing captured virus densities on covalently immobilized and
DNA-tethered antibodies from independently performed experiments. Each data
point, indicated with a letter next to it, corresponds to a different experiment using
a certain virus concentration and incubation time. Experimental conditions corre-
sponding to A, B, C, D, E, F, G experiments are summarized in Table 4.3 as well
as the virus density ratios obtained from this plot. Error bars show the variation
between 6 spots for a given experiment. DNA-conjugated 13F6 demonstrates higher
capture efficiency for all of the experiments. For low virus concentrations, virus den-
sity ratio gets larger, indicating the increased assay sensitivity (A, B, C). Same affect
is also seen for shorter incubation times for a given virus concentration (D vs E).
conjugated 13F6 spots) incubated with blank sample (PBS with 1% BSA) plus three
times the standard deviation. The larger of the two values is taken as the threshold.
The threshold level accounts for both the non-virus particle attachment to the spots
and the noise associated with the image acquisition process. During the course of
the experiment, there can be slight changes to the illumination or the focus plane
of the image that causes some particles to appear or disappear which introduces
a signal noise. For the lowest titer tested (500 PFU/ml), a signal density of 4350
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Experiment Virus Titer Incubation Time Virus Density
(PFU/ml) (min) Ratio
A 1000 60 34.3
B 2000 15 6.1
C 8000 15 3.2
D 104 15 2.7
E 104 30 1.8
F 104 30 1.6
G 104 30 1.6
Table 4.3: Experimental conditions (virus titer and incubation times) for various
independent experiments performed for comparing capture efficiencies of covalently
immobilized and DNA-tethered 13F6 mAb. Ratios of virus densities (average density
on DNA spots divided by average density on direct antibody spots for 6 replicate
spots) calculated from Figure 4.7 are also given.
particles/mm2 was detected on the DNA - conjugated antibody spots in 15 min-
utes (data not shown), which is above the threshold density of 3098 particles/mm2.
Directly immobilized 13F6, on the other hand, does not show a signal above the
threshold for neither the 500 PFU/ml nor the 2000 PFU/ml dilutions in 15-minute
incubation. For short assay times such as 15 minutes, it becomes very important
that the signal detected is well above the threshold to be able to call the sample
as a positive. Our results show that the DNA-conjugated 13F6 has an LOD of 500
PFU/ml in 15 minutes whereas LOD for direct antibody is 8000 PFU/ml in 15 min-
utes. For 60 min incubation, LOD can be predicted as 2000 PFU/ml for directly
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immobilized 13F6. Our results indicate that the DDI technique improves the sen-
sitivity of EBOV-GP pseudotyped VSV detection by an order of magnitude for 15
minute incubation.
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Figure 4.8: Comparison of directly immobilized antibodies with DNA-conjugated
counterparts in a dilution experiment for EBOV-GP pseudotyped VSV. Virus den-
sities obtained from SP-IRIS measurements were plotted against the virus titer. (a)
and (b) represent two different time points in the real-time experiment: 15 and 60
minutes, respectively. Detection threshold, shown with the dashed lines, is calculated
as mean of the five 13F6 spots plus three standard deviations from a chip incubated
with blank solution (buffer only).
4.3.5 Specificity of 8G5 - DNA ‘A’ and 13F6 - DNA ‘B’ conjugates for
detection of VSV pseudotypes on SP-IRIS
To show the specificity of 8G5 - DNA ‘A’ and 13F6 - DNA ‘B’ conjugates for their
target viruses, we first converted the ssDNA spots on the sensor surface (Sequence
A′ and B′) to antibody spots by flowing a mixture of two antibody-DNA conjugates.
Then, WT - VSV was flowed for 30 minutes which is followed by a 400 µl PBS
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wash step. Next, EBOV-GP pseuodtyped VSV was introduced and flowed for 30
minutes. The virus titers used were 5 x 105 PFU/ml and 104 PFU/ml, respectively.
We selected these concentrations based on our previous dilution curves for both types
of virus in order to obtain similar levels of virus binding. LODs for WT-VSV and
EBOV-pseudotyped VSV detection on SP-IRIS were reported to be 8 x 104 PFU/ml
and 5 x 103 PFU/ml, respectively (Daaboul et al., 2014). The fact that WT-VSV’s
limit of detection is higher than that of EBOV-pseudotyped VSV can be explained
by two factors: 1) PFU to viral particle number conversion is different for the two
types of viruses: For WT - VSV, 1 PFU is about 25 virus particles, whereas it is
about 100 for EBOV-pseudotyped VSV. 2) The fact that similar virus densities were
obtained in our specificity experiment for the two types of viruses despite the 50
times difference between the virus titers suggests that capture antibodies used for
detection of these viruses have different affinities for their respective targets.
Figure 4.9 shows the average signal densities as virus count / mm2 calculated from
5 replicate spots for each spot type (A′ and B′) at the time points following WT -
VSV flow (t2) and EBOV - VSV flow (t3) as well as the difference signal between these
time points. At time = t2, end of WT - VSV flow, A
′ spots (functionalized with 8G5
- DNA “A”) showed significant virus binding whereas there was no significant signal
from 13F6 - DNA “B” spots. At time = t3, end of EBOV - VSV incubation, 13F6 -
DNA “B” spots showed a large increase in the virus density whereas 8G5 - DNA “A”
spots did not have significant binding as shown by the difference signal, t3−t2. These
results confirm the ability of DNA conjugated antibodies to recognize their target
antigen specifically. Figure 4.10 shows representative spot images for each DNA spot
at three different time points: after antibody - DNA conjugate hybridization, after
WT - VSV flow and after EBOV - VSV flow.
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Figure 4.9: Determining specificity of antibody - DNA conjugates. Top bar rep-
resents the time points in the real - time SP-IRIS experiment where each interval
corresponds to a 30 - minute time period. 8G5 - DNA “A” and 13F6 - DNA “B”
conjugates were added at time= t0 and flowed for 30 minutes. The A
′ and B′ spots
(n = 5 spots) were scanned for pre-incubation particle counts. At time= t1, WT-
VSV was added and flowed for 30 minutes. At the end of this incubation period,
spots were scanned again. At time= t2, EBOV-VSV was added and flowed for 30
minutes. At time= t3, the spots were scanned again to count the viruses. Bar graph
shows the signal density (virus count/mm2) for time= t2, time= t3 and and also for
the difference signal between t2 and t3.
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Figure 4.10: SP-IRIS images of DNA spots from different time points during
sequential incubations with two different viruses: Wild-type VSV and Ebola-GP
pseudotyped VSV. t = t1 is after the hybridization with a mixture of antibody-DNA
conjugates: 8G5 - DNA ‘A’ and 13F6 - DNA ‘B’. t = t2 is after flowing the WT-VSV
for 30 minutes followed by a PBS wash. t = t3 is after incubation with EBOV-GP
pseudotyped VSV for 30 minutes followed with a PBS wash step. Rectangular etch
marks in the B′ spot images are 15 µm x 15 µm squares.
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4.4 Conclusion
We demonstrated feasibility of DNA-directed antibody immobilization for specific
detection of individual viruses on a microarray surface using SP-IRIS platform. We
first characterized the amount of elevation of the antibodies from the surface on a 3-D
polymeric scaffold and determined an optimal length of DNA probe for subsequent
virus detection experiments. Next, we demonstrated that DNA - conjugated 13F6
antibody improves the capture efficiency of EBOV-GP pseudotyped VSV detection.
Increased capture efficiency has been shown to improve the assay sensitivity by an
order of magnitude for a short incubation time (15 minutes). Therefore, application
of DNA - directed antibody immobilization technique to SP-IRIS can accelerate
the development of a rapid and sensitive point-of-care diagnostic platform. DDI
technique also offers high manufacturing capacity and quality since DNA microarrays
are easy to prepare and highly reproducible. A large amount of DNA chips can
be generated and stored at room temperature for extended period of time without
denaturation. When there is need for viral diagnostics, especially in urgent outbreak
situations, these DNA microarrays can be functionalized quickly according to the
need and sent to the field in large quantities. The DNA - directed immobilization
technique can also help immobilize other molecules that are difficult to attach to the
surface or that show poor spot morphologies to increase the target capture efficiency
and overcome problems associated with data analysis.
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Chapter 5
A Universal DNA Chip for Multiplexed Virus Detection and
Application of SP-IRIS to a Rapid Test Format
In this chapter, I extend the DDI technique to detection of three different VSV
pseudotypes as a model for Ebola, Marburg and Lassa detection. I also show that
this method can be modified to produce a single step, homogeneous assay format
by mixing the antibody-DNA conjugates with the virus in solution phase which
eliminates the antibody immobilization step. The resulting mixture which contains
antibody bound virus particles with ssDNA protruding from their surface is then
applied to SP-IRIS chips onto which complementary DNA sequences are immobilized.
Finally, I demonstrate the feasibility of this homogeneous technique in combination
with a passive microfluidic cartridge in a rapid test format using SP-IRIS.
5.1 Introduction
In previous chapter, we introduced DDI technique to improve the assay sensitivity
and robustness. DDI technique has the additional advantage of programmable sen-
sor surface which would allow use of a DNA chip with different sets of antibody -
DNA conjugates according to the need. Therefore, it is possible to combine already
available, QC passed chips with situation-appropriate antibody - DNA conjugates on
an as-needed basis that will adhere to the sequences on the chip. This would allow
the creation of rapid-response assays that can be situation appropriate. An antibody
chip can be used only for the detection of certain targets that is governed by the
pre-determined spotted capture probes. Since, antibody microarrays have a limited
lifetime even with the use of stabilizer coatings, it is necessary to prepare new chips
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in a sudden outbreak scenario. However, it would take days to optimize spotting
of different antibodies and produce a large batch of chips. In an effort to overcome
these issues, I have applied DNA-directed antibody immobilization technique to our
sensing technology, which is based on functionalization of a ssDNA surface with an-
tibody - DNA conjugates through sequence specific hybridization, in the previous
chapter. I showed that DNA - encoded antibodies improve the sensitivity and ro-
bustness of the SP-IRIS platform by increasing the virus capture (Chapter 4). Here,
I extend this approach to show multiplexed detection of three Vesicular Stomati-
tis Virus (VSV) pseudotypes genetically engineered to express Ebola, Marburg and
Lassa glycoprotein as a model for Ebola, Marburg and Lassa virus detection. I show
that the multiplexed antibody microarray generated by self-assembly of antibody -
DNA conjugates on a DNA microarray chip can specifically detect three different
virus targets. We suggest that such a programmable DNA surface can be a good
candidate for a universal chip that can be adaptable to the detection of different
target viruses based on the need. Utilizing antibody - DNA conjugates to convert
a DNA chip into a multiplexed antibody array suggests an alternative approach for
generation of robust and repeatable diagnostics tool by making use of long shelf-life
capability and highly reproducible nature of DNA microarrays.
I have also explored a simpler, one-step approach where the antibody - DNA
conjugates and the virus solution are mixed homogeneously before incubating the
DNA chip, which would eliminate the antibody functionalization step. Feasibility of
homogeneous decoration of viruses with DNA - linked antibodies combined with the
fact that dried antibody - DNA conjugate stays stable over an extended period of
time offers a DNA microarray based SP-IRIS platform that can be used as a point-
of-care viral diagnostics tool in the case of an urgent outbreak. This would provide
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a different approach for quick and timely response to outbreak situations and can be
advantageous in cases where a situation - specific custom microarray is required. I
also present the combined utility of this one-step assay with a passive flow cartridge
as an example of the application of SP-IRIS platform to a rapid test format which
is suitable for field testing.
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Figure 5.1: Schematic representation of single-step virus detection approach (a)
Virus and antibody - DNA conjugates are mixed in the solution. (b) Virus is dec-
orated with the antibody - DNA conjugates bound to it. (c) Decorated virus binds
to the ssDNA on the surface that is complementary to the DNA it is carrying.
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5.2 Experimental section
5.2.1 Antibody-DNA conjugate synthesis
Monoclonal antibody against Ebola virus, 13F6, was provided by Mapp Biophar-
maceutical. Mouse monoclonal antibody against Marburg virus glycoprotein, AGP
74-1, and human monoclonal antibody against Lassa virus glycoprotein, 8.9F, were
provided by Prof. Ayato Takada (Hokkaido University) and Prof. James Robinson
(Tulane University), respectively. DNA sequences conjugated to these antibodies and
their complementary surface probes are summarized in Table 5.1. DNA sequences
were designed using OligoAnalyzer tool (Integrated DNA Technologies) to minimize
the hairpin, self-dimer and heterodimer structures to prevent cross hybridization.
Antibody-DNA conjugates were synthesized as mentioned before. Antibody - DNA
conjugates will be denoted in the text by adding the letter representing the DNA
sequence to the name of the antibody as follows: 13F6 - DNA “A”, AGP74-1 -
DNA “B” and 8.9F - DNA “C”, for antibodies against Ebola, Marburg and Lassa,
respectively. DNA-to-Ab ratios of the conjugates were calculated as 1.5, 1.7 and 1.5,
respectively.
5.2.2 Multiplexed, real-time detection of EBOV, MARV and LASV -
pseudotyped VSVs on a universal DNA chip
A polymer coated SP-IRIS chip was spotted with the antibodies against EBOV,
MARV and LASV GPs (13F6, AGP74-1 and 8.9F, respectively) at a concentration
of 2 mg/ml. Three ssDNA surface probes (Table 5.1) that are complementary to
the antibody-DNA conjugates were also spotted on the same chip at a 30 µM con-
centration. The chip was mounted in the microfluidic cartridge and the assembled
cartridge was placed on the SP-IRIS stage. A mixture of 5 µg/ml of DNA-conjugated
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Antibody Oligo sequence conjugated to
the antibody (5’-Aminated)
Oligo sequence immobilized on
the surface (5’-Aminated)
13F6 A: 5’AAAAATACAGAGTTA
GTCGCAGTGG3’
A′: 5ATCCGACCTTGACAT
CTCTACCACTGCGACTAA
CTCTGTA3’
AGP74-1 B: 5’AAAAAGCCTACGAA
TGAACAGACTG3’
B′: 5’ATATGTACCCACCGC
TATTCCAGTCTGTTCATT
CGTAGGC3’
8.9F C: 5’AAAAATCCAACCACG
CTGAAGTCTA3’
C′: 5’ACTTAGGACTCAGTA
CAGGATAGACTTCAGCGT
GGTTGGA3’
Table 5.1: DNA sequences conjugated to the antibodies and their corresponding
surface probes. Complementary regions between the two sequences are underlined.
13F6, AGP 74-1, and 8.9F mAbs in PBS with 1% BSA was first flowed through the
channel for 30 minutes at a rate of 3 µl/min. After a 400 µl wash step with PBS,
three VSV pseudotypes were flowed sequentially, by flowing each pseudotype for 30
min. 400 µl PBS was flowed in between the different viruses to wash the extra virus
in the channel and the tubing. The order of viruses flowed was EBOV-, MARV-,
and LASV-pseudotyped VSV and their titers were 104, 104 and 105 PFU/ml respec-
tively. The titer of each dilution was determined by plaque assay. The images of
the 3 spots in one FOV were recorded every minute and virus densities on each spot
were calculated over the course of the experiment.
5.2.3 Dilution experiment using one-step, homogeneous approach
For the dilution experiment to determine the assay sensitivity, SP-IRIS chips were
spotted with A’ probe and a negative DNA sequence and washed as described pre-
viously. 1 µl of 50 µg/ml of 13F6-DNA “A” conjugate was mixed with 0.5 ml of
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EBOV-pseudotyped VSV samples (in 0.1X PBS with 1% BSA) prepared by 10-fold
dilutions from 106 PFU/ml stock down to 102 PFU/ml. Each dilution was mixed
with the antibody-DNA conjugate 15 minutes before the experiment to allow for
antibody binding. Each titer was flowed over a different SP-IRIS chip/microfluidic
cartridge in subsequent experiments. The channel was first filled with PBS and the
spots were scanned to obtain pre-incubation particle counts. After 1 hour virus sam-
ple flow at 3 µl/min, the channel was washed with PBS and the spots were scanned
again. The net number of virus particles captured on A’ spots were counted and
average virus densities were calculated from 5 replicate spots.
5.2.4 Passive microfluidic cartridge tests
Passive microfluidic cartridge has been designed to simplify the SP-IRIS platform by
eliminating the need for an active syringe pump and also to create a fully-contained
test platform to minimize sample handling. Briefly, the passive microfluidic cartridge
consists of an integrated absorbent pad in the channel placed after the chip and a
luer lock sample reservoir on the other side of the chip (Figure 5.2). The sample to
be tested is pipetted into the reservoir and flow is established by applying pressure
through the screwing of the reservoir cap. Once the sample flows over the chip and
touches to the absorbent pad on the other side, a stable flow rate is established by
the 270 °C fan shape of the absorbent pad. (Passive microfluidic cartridge design
has been performed by Steven Scherr.)
0.5 µl of 50 µg/ml 13F6 - DNA “A” was mixed with 250 µl of 104 PFU/ml
EBOV-pseduotyped VSV in PBS with 1% BSA and after 5 minute incubation, 100
µl of this mixture was placed the in the sample reservoir of the passive microfluidic
cartridge. The cap was closed and tightened until the liquid started touching the
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absorbent pad. The sticker on top of the reservoir lid was then removed to let the
fluid migrate under atmospheric pressure. The cartridge was immediately placed on
SP-IRIS stage and real-time image acquisition started scanning an array of A’ probe,
negative DNA, and directly immobilized 13F6 (3 × 5 array) continuously during 30
minute incubation. The time-resolution for each spot was approximately 2 minutes.
a) b)
Figure 5.2: (a) Illustrative sketch of the fluid migration along the absorbent pad
(b) An image of the passive microfluidic cartridge with SP-IRIS chip mounted in it.
5.3 Results and discussion
5.3.1 Multiplexed, real-time detection of EBOV, MARV and LASV -
pseudotyped VSVs
To show the multiplexed detection of EBOV, MARV and LASV pseudotyped VSVs,
we performed a sequential incubation with these three viruses after functionalizing
the surface with three antibody-DNA conjugates. A mixture of 13F6 - DNA “A”,
AGP74-1 - DNA “B” and 8.9F - DNA “C” conjugates was flowed over the channel
for 30 minutes. We expected that this would ”load” the antibodies onto the specific
complementary ssDNA spots on the sensor chip. Following the antibody attachment
step, VSV pseudotpyes were flowed sequentially. First, EBOV-pseudotyped VSV was
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flowed for 30 minutes followed by a 400 µl PBS wash step. Next, MARV-pseudotyped
VSV was flowed for 30 minutes and the channel was washed with 400 µl PBS. Finally,
LASV-VSV was introduced and flowed for 30 minutes. Figure 5.3 shows the virus
densities captured on three DNA spots (A’, B’ and C’ spots) during the course of
the experiment. Following EBOV - pseudotyped VSV addition, the signal on 13F6 -
DNA “A” spot starts increasing whereas other two spots do not show any significant
binding. After the MARV - pseudotyped VSV is introduced, virus density on the
AGP74-1 - DNA “B” spot starts to increase showing the specific detection. Finally,
when LASV - pseudotyped VSV is introduced, virus density on the 8.9F - DNA
“C” spot starts increasing whereas the signal on the other two spots remain stable.
Overall, these results show that site-specific self-assembly of the three antibodies on
a DNA surface was performed successfully and each antibody-DNA conjugate was
able to detect its target virus specifically with no cross-reactivity from other viruses.
5.3.2 One-step homogeneous detection of EBOV-pseudotyped VSV: Dec-
orating viruses with antibody-DNA conjugates in solution
One drawback of DDI technique is the time associated with the DNA-antibody con-
jugate immobilization step. To generate a more direct assay approach, we explored
a homogeneous tagging approach which involves decorating the virus particles with
antibody-DNA conjugates in solution prior to incubation of the chip. This approach
eliminates the antibody immobilization step of the conventional DDI technique, re-
ducing the assay time. One important consideration that need to be addressed for
this approach to work well is the amount of the antibody-DNA conjugates added to
the virus solution. Having too many antibody-DNA conjugates in the solution would
cause blocking of the DNA surface with excess antibody-DNA conjugates, preventing
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Figure 5.3: Multiplexed, sequential detection of Ebola, Marburg and Lassa pseu-
dotyped VSVs using DNA - directed self - assembly of antibody - DNA conjugates.
the binding of virus particles that are already covered with antibody-DNA conju-
gates. We found that a concentration of 0.1 µg/ml antibody-DNA conjugate does
not saturate the surface, causing only 0.5 nm height increase as measured by IRIS.
We mixed 0.1 µg/ml of 13F6-DNA “A” conjugate with EBOV-pseudotyped VSV at
different titers between 106 - 102 PFU/ml 15 minute prior to flow over the cartridge.
Then, we flowed this mixture over the SP-IRIS chip in the microfluidic cartridge for
1 h and determined the captured virus density on the complementary DNA spots.
Figure 5.4 shows the average virus densities obtained from 5 replicate spots for each
titer tested. The detection threshold, indicated by red dashed line, was calculated
as average virus density of five A’ spots plus three standard deviations from a chip
that was incubated with only the 13F6-DNA “A” conjugate. Signal density from this
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negative control chip is also shown in the graph at 100 PFU/ml. According to these
results, the lowest titer tested, 102 PFU/ml was detectable in 1 hour incubation.
This LOD is comparable to the one obtained from the two-step DDI technique, and
therefore, our results suggest that the one-step approach provides a simpler assay
procedure without affecting the sensitivity of the detection. One other potential
advantage of homogeneous approach is the solution-phase binding of the antibodies
to the virus, thus orienting the antibodies for binding, which can be advantageous
compared to binding to surface immobilized antibodies with random orientations.
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Figure 5.4: Dilution experiment using single - step homogeneous assay approach.
Red dashed line shows the detection threshold calculated as the mean virus count
from six spots plus three standard deviation of the mean. 102 PFU/ml was detectable
for 1 hour incubation.
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5.3.3 Passive microfluidic cartridge tests
Although the current in-liquid SP-IRIS set-up is very useful for real-time monitoring
of virus binding, this approach is not practical for field testing due to the complexity
of sample flow process that uses a syringe pump and tubings. This especially brings
concerns in cases of lethal virus outbreaks due to risk associated with sample fluid
handling. Therefore, we have designed a passive microfluidic cartridge that would
eliminate the need for an active pump and provide a fully contained test platform with
minimum sample handling. We combined the homogeneous virus tagging approach
with this lateral-flow cartridge to show the utility of SP-IRIS as a rapid testing
platform. For this purpose, we added the 13F6 - DNA conjugate (final concentration
of 0.1 µg/ml) to the EBOV - pseudotyped VSV (104 PFU/ml), mixed, and let it
stand for 5 minutes. Then, we applied this mixture to the reservoir and screwed the
cap. Once the flow started, we put the cartridge onto the SP-IRIS stage and started
scanning the DNA spots (both complementary and negative DNA sequences) and
directly immobilized 13F6 spots.
Figure 5.5 shows the captured virus density as a function of time for complemen-
tary DNA spots, negative DNA spots and directly immobilized 13F6. A positive
signal can be observed on the complementary DNA spots within the first 6 minute
of the incubation. Moreover, signal from directly immobilized 13F6 spots is lower
than that of DNA spots which is consistent with our previous results in Chapter
4. Our results suggest that the combination of one-step, single tube assay with the
lateral-flow cartridge can provide a rapid test platform.
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Figure 5.5: Real-time virus capture in lateral - flow cartridge using one-step virus
decoration approach. 104 PFU/ml Ebola-pseudotyped VSV was mixed with Anti-
EBOV antibody conjugated to DNA and this mixture was injected into the passive
cartridge. Once the flow started, images were taken with SP-IRIS every 2 minutes
for positive DNA, negative DNA and directly immobilized antibody spots. Positive
signal can be detected as early as 6 minutes on the DNA spots. Negative DNA spots
that are not complementary to the antibody-DNA conjugate do not show any virus
binding.
5.4 Conclusion
We applied DDI technique for generation of a multiplexed antibody array for detec-
tion of Ebola, Marburg and Lassa viruses. We showed the specific self - assemby
of the antibodies on a DNA microarray surface and subsequent specific detection of
Ebola-, Marburg- and Lassa-pseudotyped VSVs in a real - time experiment using SP-
IRIS. We also investigated the method of homogeneous mixing of antibody - DNA
conjugates with the virus in solution. This method both uses much less antibody
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(10-fold) than the conventional DDI technique and also offers in - solution binding of
antibodies eliminating the problems such as antibody orientation, decrease in surface
- spotted antibody activity and steric hindrance. We also demonstrated the combined
utility of this homogenous mixing with a passive microfluidic cartridge designed by
our lab. This platformed allowed us to detect 104 PFU/ml EBOV pseudotyped VSV
in less than 15 minutes in a disposable, contained cartridge, showing the feasibility
of SP-IRIS as a rapid and sensitive viral diagnostic platform.
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Chapter 6
Conclusions and Future Directions
6.1 Conclusions
Development of robust and reliable point-of-care biosensor systems have important
implications for improving patient care, providing rapid testing ability in viral out-
breaks and containment of viral infections. In this dissertation, we investigated the
challenges crucial to the success of nearly all biosensor systems such as capture probe
affinity and efficiency and focused on improving the performance of SP-IRIS tech-
nology which is a candidate for a reliable diagnostic device. Specifically, we focused
on improving the sensitivity and robustness of SP-IRIS through surface characteri-
zation and optimization and also extended its application to multiplexed VHF virus
detection and viral strain differentiation through selection of appropriate capture
antibodies. We first developed a methodology for microarray spot qualification and
defined metrics in order to establish a quality control procedure for SP-IRIS chips.
Next, we identified specific monoclonal antibodies against VHF viruses: ebolavirus,
marburgvirus and Lassa virus. We also adapted a different antibody immobilization
technique to improve the sensitivity and repeatability of the assay.
SP-IRIS is a promising platform for sensitive and rapid viral diagnostics due to its
single particle imaging and sizing capability. SP-IRIS substrate preparation consti-
tutes an important part of the diagnostic assay that will eventually affect sensitivity
and repeatability. Thus, there is a need for optimization of antibody spotting and
control of spotted chips for achieving a high degree of sensitivity that is offered by SP-
IRIS technology. We developed a quality control procedure for sensitive and accurate
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detection of viruses on SP-IRIS platform. We examined the affect of surface anti-
body density on the virus capture efficiency and determined the required antibody
density for optimal virus capture efficiency. Other parameters that we established
for chip evaluation were spot morphology and pre-incubation particle counts.
Next, we developed a multiplexed diagnostic panel for detection of ebolavirus,
marburgvirus and Lassa virus as well as for differentiating between two most com-
mon and lethal subtypes of ebolavirus: Zaire and Sudan viruses. We also identified
antibodies capable of recognizing Bundibugyo ebolavirus, Tai Forest ebolavirus and
Reston ebolavirus on SP-IRIS platform. This work enabled demonstration of SP-
IRIS as an ideal antibody screening and characterization platform that can provide
sensitive and highly mutiplexed evaluation of the antibody-antigen interactions. We
tested more than 40 mAbs for their performance on SP-IRIS and selected high affinity
capture probes for ebolavirus strains as well as Marburg and Lassa viruses.
We also performed competition binding assays on SP-IRIS platform using Zaire
ebolavirus antibodies and VSV pseudotype expressing EBOV glycoprotein. Our pur-
pose was to understand the interactions of mAbs that have shown protection in vivo.
Revealing the competing interactions between the antibodies is very important since
competing antibodies would inhibit each other from showing the protection activity
when administered in an antibody mixture. We specifically tested antibodies from
the therapeutic cocktails that have been tested in NHPs and showed efficacy. Our
assay produced results that are similar to the previous competition assays, revealing
the known competitions between antibody pairs. In addition, our assay provided an
extra competition information between the antibodies that are components of one
therapeutic cocktail named ZMAb. Our results enabled us to provide an explanation
for the improved efficacy of the antibody cocktail named ZMapp compared to ZMAb.
118
To improve the accessibility of antibodies for the target viruses, we utilized
DNA-directed immobilization, where antibodies are immobilized on a ssDNA sur-
face though a DNA sequence covalently attached to them. We first optimized length
of DNA probes used in this technique to achieve optimal level of elevation from the
surface. DDI method provided significant elevation of the antibodies on the 3-D
polymer surface compared to direct covalent attachment. We demonstrated 10-fold
sensitivity enhancement through use of DNA linkers for EBOV-GP pseudotyped VSV
detection. We attribute this sensitivity improvement to increased antibody flexibility
and decreased steric hindrance provided by the DDI method.
We also developed a single tube assay approach to decorate the viruses in solution
with antibody-DNA conjugates. This approach eliminated the antibody-DNA hy-
bridization step and simplified the process. We implemented solution-phase decora-
tion approach in a rapid test format using a disposable passive microfluidic cartridge
and SP-IRIS set-up. We showed the ability to detect EBOV-GP pseudotyped VSV
at a titer of 104 PFU/ml in less than 15 minutes, demonstrating the feasibility of
SP-IRIS for rapid and sensitive detection of viruses.
DDI technique also promises circumventing the protein printing challenges such
as spot-to-spot variabilities and non-uniform spot morphologies by replacing protein
spotting step with DNA printing step. DNA spotting is generally more repeatable
and robust due to simpler molecular structure of DNA molecules compared to pro-
teins. Thus, use of DNA microarrays will greatly improve the quality of the chips,
hence the assay reproducibility and also allow less tight quality control procedures.
Moreover, DNA chips are very stable for extended periods of time and can be pre-
pared in large batches. Once the chip component of the assay is ready, the prepa-
ration of antibody-DNA conjugates takes only one day. This can help shorten the
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time it takes to reach an outbreak area with necessary equipment. One other advan-
tage of DDI technique is the significant decrease in the amount of antibody needed
for microarray production. DDI requires about 4 times less antibody compared to
direct protein spotting. Moreover, antibody concentration used in a single step DDI
(solution-phase decoration) is 10 times less than the solid-phase immobilization of
antibodies.
The improvements presented in this dissertation have implications for developing
a robust and sensitive point-of-care diagnostic platform for VHF detection. More-
over, applications of SP-IRIS presented in this dissertation, such as high-throughput
antibody screening and competition binding assays, render SP-IRIS platform as a
versatile research and characterization tool in biological research.
6.2 Future Directions
The DDI method presented in this dissertation have future directions related to new
opportunities and improvements promised by this technique. The preliminary data
from real virus detection experiments performed at the BSL-4 facility shows that the
current limit of detection is about 105 PFU/ml for Ebola virus and 106 for Lassa virus.
These sensitivities are an order of magnitude lower than what we obtained with the
VSV-pseudotypes. We expect that future tests using DNA-directed immobilization
or solution-phase decoration of virus will improve the sensitivity of detection.
Capturing the viruses on a DNA-based surface offer certain advantages for down-
stream analysis of captured viruses. DNA linkers can be dehybridized easily from
the surface and the captured viruses can be detached from the surface allowing
further analysis of viruses such as genomic analysis via RT-PCR. Virus elution pro-
cess can also be done specifically to detach viruses only from certain antibody spots
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through the use of sequence-specific restriction nucleases that cuts only specific DNA
sequences. Virus extraction cannot be performed with conventional antibody immo-
bilization since antigen-antibody interaction is not an easily reversible reaction due to
the multiple interactions of the virus with the surface. Even if the antigen-antibody
interactions are disrupted with use of specific buffers, this process would not be
antibody specific, but rather extract all the viruses captured on the chip.
The ability to attach DNA molecules to antibodies also offer versatility for many
different applications. For example, affinity of the antibodies can be increased by
linking antibodies together with complementary DNA sequences. Another DNA se-
quence, also covalently attached to the antibody, can then be used for hybridization
to surface immobilized DNA. Thus, the increased number of antigen-antibody in-
teractions would enhance the overall affinity of the antibody cluster compared to a
single antibody.
In Chapter 3, we introduced three new applications for SP-IRIS platform: high-
throughput screening of antibodies to obtain affinity information, epitope mapping
based on binding level obtained on SP-IRIS and competition binding assays to pro-
vide information about competition between antibody pairs. These applications are
very important in biomedical research and microbiology with implications in viral
diagnostics, discovering epitopes of protective antibodies and developing effective
therapeutic cocktails for viral infections. We believe that SP-IRIS platform can be
easily adapted in research laboratories to perform these tests with comparable or
better sensitivities than the other label-free technologies such as SPR or Biolayer
Interferometry (ForteBio Octet).
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